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GLOBAL ENERGY OVERVIEW 


Economic and industrial growth of a country and the increasing population necessitate an ever- 
growing power availability and exploitation of all economically viable sources of energy. Depending 
upon the available resources coupled with technical innovations, every country tries to chalk out 
best strategies to meet the demand, While the current energy demand is known, itis also necessary 
to have a fair idea of how much more will be required within the stipulated future planning horizon 
against certain factors, which may be environmental concerns, country’s economic health, growth 
of one or more sectors vis-a-vis others, natural resource constraints, changing international mandates 
and compulsions, development of new techniques of energy exploitation, efficiency improvement 
in generation and transmission of energy, and so on, 

Many organizations, research agencies and companies release their outlooks and projections of 
the likely global, region- or country-specific energy generation and consumption trends for the 
future, like the next 20-25 years. To name a few, such agencies are International Energy Agency 
(IEA), World Energy Council (WEC), Energy Information Administration (EIA) of USA, Renewable 
Energy Policy Network for the 21st Century (REN21), International Renewable Energy Agency 
(IRENA), ExxonMobil, and BP. 

In one of such projections titled “World Energy Outlook’, the IEA analyses various growth and 
consumption trends from different sources based on several parameters including the level of 
economic development and government policies in different countries, In the Outlooks 2010 and 
2011, IEA energy projections considered three scenarios: 

© Current policy scenario, 

+ New policies scenario (also called “central scenario’) 

© 450 scenario, 

The first scenario is based on the policies in respect of fossil-fuel subsidies, incentives for 
renewable energy sources, trend of increase in gas and clectricity prices etc. existing in different 
countries, The New policies scenario accounts for the recently announced commitments and plans 
by the leaders and decision makers in different countries and enacted by mid-2011. The third 
scenario is based on the objective, though daunting, of limiting the concentration of greenhouse 
gases in the atmosphere fo no more than 450 parts per million and assumption of 50% chance of 
meeting the goal of limiting the increase in global average temperature to 2 °C by 2050 compared 
‘with pre-industrial levels. 
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Comparing the three, the central scenario appears to be relatively more realistic, According to 
the IEA Outlook 2012, the global energy demand will increase by 40% between 2009 and 2035, of 
which 90% will be in non-OECD countries, From a level of 12.132 Mtoe! in 2009, it is likely to 
reach 14,769 Mtoe in 2020 and 16,961 Mtoe by 2035. Under the ‘current policies” scenario and 
“450 scenario’, the energy demand in 2035 will be 18,302 Mtoe and 14,870 Mtoe, respectively. It 
is expected that China, India and the Middle East will have a share of 60% in this increase, China's 
rise in demand alone by 2035 will be more than the present total demand of USA and Japan together. 
‘To meet its requirement, itis likely that China will further step up coal-fired generation which will 
match the combined generation from hydro-power, wind and nuclear sources 

According to IEA. the total global primary energy supply (TPES) in 2010 was 12.717 Mtoe, of 
which oil had the biggest share of 32.4%, followed by coal/peat (27.3%), natural gas (21.4% 
biofuels and waste (10%), nuclear (5,7%), hydro (2.3%) and others like solar, wind, geothermal, 
heat (0.9%). OECD countries had a share of 5305 Mtoe in the TPES in 2011. However, the total 
final consumption was 8,677 Mtoe globally. Here, the OECD countries consumed 42.5%, followed 
by China (17.5%), while other countries within Asia consumed 12.3%, The difference between 
‘TPES and final consumption accounts for use in electricity plants, energy industry's own use, 
losses, etc 

IEA estimates that the world generated 21,431 TWh electricity in 2010 in which coal/peat 
represented 40,6%, followed by natural gas (22.2%), hydro 16% (excluding pumped storage), 
nuclear (12.9%), oil (4.6%) and others (3.7%). While OECD countries generated 50.7%, China 
alone produced 19.8% of it and other countries in Asia produced just 9.7%. 

With the rising energy demand, the level of CO, emissions is also bound to rise, Thus, with 
global demand rising by one-third by 2035, energy related CO, emission is estimated to go up from 
31.2 giga tonnes (Gi) in 2011 to 37 Gt in 2035 indicating an average temperature rise of 3.6 °C. In 
2010, the global CO, emission was 30.26 Gt of which the OECD countries emitted 41%, while 
China alone had a share of 24.1%, with the rest of the Asian countries emitting 11%, Coal/peat’s 
share of CO, emission in 2010 was 43.1%, followed by oil (36.1%), natural gas (20.4%) and 
others like industrial waste and non-renewable municipal waste (0.4%). In this context, the “carbon 
capture and storage’ (CCS) projects havea significant role to perform to reduce the global emissions, 
In the *2°C scenario’ in which the global average rise in temperature is to be limited to 2 °C by 
2050,about 260 Mt of CO, should be captured and stored in 2020, although the projects that may 
exist by that time are not likely to meet this expectation, 

Despite increase in the use of renewables, fossil fuels will stil remain the main souree of energy 
up to 2035. Although the demand for these fuels (oil, gas, coal) will keep increasing, their overall mix 
in total energy will reduce from the present 81% to 75% in this span, Renewables will, however, 
have a share of about one-third in the electricity output. In the ‘road map’ generated by IEA. the 
global installed capacity of power plants by 2050 is seen to be twice the present capacity (of about 
1,000 GW), ie., about 2,000 GW, with the generation of more than 7,000 TWh of electricity. The 
number of pumped-storage plants is also expected to be 3-5 times more than the present, 

Scarcity of water is already pinching the world. IEA predicts that water requirement to produce 
‘energy (hydro-power. extraction and processing of oil, coal and gas, biofuel) will increase at twice 
the rate of energy demand. Water consumption in 2010 was estimated to be about 66 billion cubic 

















"1 TWh = 10!7Wh = 10° kWh = 0.086 Mtoe (Million tonnes of oil equivalent), 
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metres (BCM) out of a total of 583 BCM withdrawn for energy production. This consumption is 
slated to rise by 85% up to 2035. Many power plants, including the Indian, have water-intensive 
operation, Such further rise will need to be managed in an integrated manner efficiently with 
improved technology. in view of other competing requirements of growing population 

An international oil and gas company, BP, has also presented its energy consumption projection 
up to 2030 in its “Energy Outlook 2030", According to it, the total global energy consumption will 
rise to 16,716 million tonnes of oil equivalent (Mtoe) from 12,274.6 Moe in 2011. OF this, the 
OECD countries will consume only 5,835.3 Mtoe as against the non-OECD countries which are 
likely to consume 10,880.7 Mtoe. China’s share in this is predicted to be 4.502,7 Mtoe in comparison 
ith USA’s 2,284.6 Mtoe, In the total energy consumed in 2030, hydro-electricity’s contribution is 
stated to be 1,156.5 Mtoe and that of other renewables (wind, solar etc.) as 878.1 Mtoe. 

The World Energy Council (WEC), another well-known UK based network lays emphasis on 
energy sustainability and views this as largely dependent on energy security, social equity, and 
environmental impact mitigation. These three goals pose. what WEC calls, an “energy trilemma’ 
and are interdependent on several complex factors and relationships such as national resources, 
social and economic levels, public and private bodies, environmental concerns etc. Balancing the 
energy trilemma with its three dimensions may need clear and transparent energy policies which 
may require short-term trade-offs between them (o secure a long term and sustainable balance. 

To achieve UN Secretary General's initiative—'sustainable energy for all’ by 2030—the UN 
Industrial Development Organization (UNIDO) lists 








* ensuring universal access to modern energy services. 

# doubling the rate of improvement in energy efficiency, and 

* doubling the share of renewable energy in the energy mix 
as the three linked objectives 

During the period 1990-2008, developing countries marked 2.3% annual growth in energy 
consumption which was 2,5 times more in comparison with that in the developed countries that 
saw a rise of 0.9%, Manufacturing industry accounts for the largest 31% share of global energy 
consumption since the early 1990's, The industrial energy intensity has fallen since 2000 and 
stabilizing around 0.35 toe per US$ 1000 of manufacturing value added, Still, UNIDO maintains 
that industry could reduce its consumption by up to 26% through deployment of best available 
technology and practices. 

WEC also looks at the energy demand in non-OECD countries and observes that there is a 
clear shift in the generation scenario, Thirty-nine of the total 63 nuclear power plants currently. 
being built worldwide are in non-OECD countries that includes 26 in China, 10 in Russia and 7 in 
India. It is felt that in the transport sector also, while the demand from the developed countries will 
fall up to 20% due to high level of energy efficiency, the same from developing countries will rise 
by 200-300%, mainly from China and India in the next 40 years. This will result in increased CO, 
‘emissions from this sector from the current about 25% to 79% more in 2050. As per IEA, in 2010, 
A {otal of 30,326 Mt of CO, was emitted globally out of which OECD countries were responsible 
for 12,440 Mt, followed by China (7.311 M0, rest of Asia (3,331 M0), non-OECD Europe and 
Eurasia (2,606 MO), Middle East (1,547 Mt), non-OECD Americas (1,063 Mt) and Aftica (930 Mt), 
While India’s per capita CO, emission in 2010 was 1.39 tonne (1, the same for countries like China 
was 5.43 t, Chinese Taipei 11.66 t, Kuwait 31,93 t, Kazakhstan 14,23 t, Canada 15,73 t, Singapore 
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12,39 t, The Netherlands 11.26 t, Qatar 37,57 t, Trinidad and Tobago 31,91 t, UAE 20,50 t, and 
USA 17.314. 

Globally, new renewable sources of energy will have to be developed to meet the rising needs 
Already about 238 GW installed capacity of wind power has been set up worldwide, of which 
97 GW is in Europe that includes 29 GW in Germany. Similarly, solar energy has also been tapped 
to the extent of 67 GW through photo-voltaic panels, Of this, Germany has 25 GW and USA and 
China have 4 GW each. 

ExxonMobil, which is a Texas (USA) based multinational oil and gas corporation, provides 
comprehensive outlook for energy up to 2040, According to this, energy demand in developing 
countries (non-OECD) will rise between 2010 and 2040 by 65% in an overall global increase of 
35% when the population is expected to touch a figure of 9 billion, dominated by India and Africa. 
The present electricity consumption of non-OECD and OECD countries is about the same, but by 
2040 there will be 85% growth in its demand in non-OECD countries, whereas China’s demand 
will more than double, and India’s more than quadruple. Even in Africa the demand will rise by 
335%, whereas in OECD countries it will only grow by 25%. By 2040, global electricity demand 
Vill increase by about 16,000 TWh to touch 34,198 TWh, of which 12,154 TWh will be in OECD 
countries and 22,044 TWh in non-OECD countries, India’s population will grow by another 300 
million during this period and around 2030 itis likely to take over China as the country with largest 
population, Africa will add another about 800 million people by 2040. 

More than 50% of the global energy demand by 2040 will be for electricity, Demand in transport 
sector will also continuously rise and then drop owing to adequate fuel efficiency attainment, It is 
estimated that oil will be the major fuel for meeting energy needs, but natural gas is slated to take 
over the next position from coal, while the share of nuclear and renewable energy will grow. 
‘Natural gas, however, will become number one source by 2040, when it will account for 30% of 
global electricity generation due to its 60% lesser CO, emission than coal. Itis predicted that around 
2030, North America will become a net exporter of oil and oil-based products from being an 
importer now. Although the renewable sources of energy (hydro, geothermal, wind, solar, biomass) 
Vill haye an increased share in the fuel mix, their contribution will still be less than 10%, During 
2011, a total of 86,1 billion litres of ethanol and 21.4 billion litres of biodiesel were produced 
globally. 

According to another projection by International Energy Outlook 2011 released by the Energy 
Information Administration (EIA) of the US Government, the world’s energy consumption is likely 
to increase by 53% during the period 2008-35, from the level of S0Squadrillion Btu’ in 2008 to 619 
‘quadrillion Btu in 2020 and 770 quadrillion Btu in 2035, much of which will occur in the non-OECD 
countries. The total world demand of energy rises by 1.6% per year during this period, while 
consumption will increase by 2.8% per year, fuelled more and more by renewable sources of 
energy 

The EIA overview suggests that the net electricity generation worldwide will be rising by an 
average 2.3% per year during 2008-35 and will total 25,500 trillion watt-hours (TWh) by 2020 and 
35,200 TWh by the year 2035, which would be 84% higher than the 2008 total of 19,100 TWh, In. 
the total electricity generation by 2035, the share of coal will be 12,900 TWh, followed by natural 











‘kilowatt-hour (kWh) = 3,412 Btu (British thermal units), and 1 quadnillion = 10!* 
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gas (8,400 TWh), renewables (8,200 TWh), nuclear (4,900 TWh), and liquids (800 TWh), This 
Will increase at a rate of 3.3% per year in the non-OECD countries, led by China and India owing 
to the rising standards of living and increasing population, whereas in the OECD countries, it will be 
slower (at 1.2%) since their infrastructures are already well established and the population growth 
is low. EIA predicts that at that time, China and India will consume 31% of total world energy and 
China's energy demand will be 68% higher than that of USA. Source-wise, although coal will 
remain the largest contributor, the share of natural gas will rise from 22% to 24% and that of 
renewables from 19% to 23% up to 2035, Renewable generation will grow at a rate of 3.1% per 
year, which will be more than that of natural gas (2.6%) and coal (1.9%), The overview estimates 
an 82% increase in hydro-power and wind power with an additional 4,600 TWh of renewable 
generation, of which 55% or 2,500 TWh will be from hydro and 27% or 1,300 TWh from wind. 

In its report, GlobalData, a London-based research and consulting agency on energy and 
healthcare markets, says that the global installed hydro-power capacity has increased from 
896.9 GW in 2006 to 1,072.1 GW in 2011 and is expected to grow to 1.443 GW by 2020. This will 
be essentially due to emphasis by national governments to promote renewable power. 

Allthe above projections clearly indicate that both demand as well as generation will significantly 
increase in the coming years. However, supply of sustainable energy is lagging behind the rising 
demand. At present about 1.3 billion people in the world do not have access to electricity and twice 
this number, ic... 2.6 billion do not have access to clean cooking facilities, Two-thirds of these are 
from just four countries of developing Asia and six of sub-Saharan Africa. Painfully, India, China 
and Bangladesh constitute more than half of the people without clean cooking facilitty 


Measurement of Energy 


In Sl units, 1 watt = 1 joule/s or 1 watt-s = 1 joule of electrical energy = 1 Nm (Newton-metre). 
The common unit used for energy (electric unit or EU) is 1 unit = 1 kWh =3.6 * 10° watts 
6 = 10° joules, One reason for this type of usage is that “joule” is too small a unit for practical 
use, Alternatively, the usual unit used is kilo-joule, mega-joule (MJ=10°), peta-joule (PJ=10'*J) 
or exa-joule (EJ=10"%)), Large electric units can be written in terms of say, gigawatt hour (GWh), 
or as trillion kilowatt-hour (T kWh), which is same as 1000 trillion watt-hour (TWh). 

The term load-factor (LF) signifies a ratio of the actual number of hours in one week for 
‘which the generator runs to the total number of hours in one week. In India, a normal LF presumed 
is 0.6, but it could even be lower than this. For example, in a week of 168 hours, if a power 
installation runs for 98 hours, the system LF is 0.58, and so on. The term annual load factor is 
sometimes used to signify’ the yearly running of a power plant. The thermal plant LF in India is of 
the order of 0.75. 

In less developed countries, electrical power is needed mainly for domestic and irrigation 
purposes, while in the transition economies industrial consumption overtakes other competing 
uses, In developed countries, the requirement could equally be for industrial applications, railway. 
electrification etc, As a matter of fact, a country’s state of development can be fairly gauged from 
its per capita per year consumption of electrical energy, Table 1.1 shows the electricity consumption 
jgures for the year 2006~7 for select developed and developing countries fora comparative picture. 
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Table 1.1. Use of electricity per capita in typical countries" (201 1 data) 














SINo. Country Average electricity consumption /person year 
kWh 
1 Teeland s1aa7 
2 Norway 25177 
3 Kuwait 18318 
4 Finland 16484 
5 Canada 15.5 
6 Sweden 14.939 
1 USA 13,361 
8 Taiwan 10237 
9. Japan 8399 
10. Switrerland 8216 
u France 1756 
12 Russia 6460 
B UK S741 
4 South Africa 4803 
15. Malaysia 4.7 
16. China 2.958 
17 Broil 2384 
18. Thailand 208 
19. Mexico 
20. Feypl 
21 Vietnam 
2 Bhutan 
2 India 879 (2011 data**) 
pa) Pakistan 437 
25 Sri Lanka 445 
6 Bangladesh 279 
27 Tanzania B 
2% Nepal 93 
29. Ethiopia Ea 




















Source:*IEA. Paris- “Key world energy statistics”, 2012 
"CEA, India- “Growth of electricity sector in India from 1947-2012", June 2012. 





SOURCES OF POWER AND RENEWABLES 
Sources of power generation can be classified as conventional and non-conventional, Conventionally. 
power can be made available mainly through any of the following common three forms: 

1. Thermal power (fossil fuel based) 

2. Water power or Hydro-power (or hydel power) and 

3. Nuclear power 
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The bulk of electrical power mainly comes through any or more of the above three sources, 
depending upon the state of development of the region or country. However, here our main concem_ 
is power from renewable sources, especially hydro-power, 

Renewable energy is that energy which is derived from natural processes such as sunlight, 
wind etc. The advantage lies in the fact that it replenishes at a higher rate than at which it is 
consumed, Among the non-hydro renewable sources are wind, solar (thermal and photo-voliaic). 
biogas/biomass/biofuel, geothermal, tidal/vave. etc. The total estimated global power generating 
installed capacity by the end of 2011 was 5,360 GW, of which the renewables comprised over 25% 
at 1,360 GW and supplied an estimated 20.3% electricity. The installed capacity of non-hydro 
renewables was over 390 GW. According to REN2I, renewables accounted for 16.7% share of 
global final energy consumption in 2010, while fossil fuels accounted for 80.6% and nuclear 2.7%, 
In the renewables, modem renewables contributed 8.2%, comprising biomass/solar/geothermal/ 
hot water/heating (3.3%), hydro-power (3.3%), wind/solar/biomass/geothermal power generation 
(0.9%), and biofuels (0.7%), whereas the traditional biomass mainly used for cooking and heating 
in the rural areas of developing countries accounted for 8.5%. Globally, wind and solar PV accounted 
for about 40% and 30%, respectively of 390 GW of non-hy‘dro 

In electricity production from renewables, hydro-power accounted for 15.3% share and non- 
hydro sources 5%, while fossil fuels accounted for 79.7% share in 2011. Biomass capacity stood 
at 72 GW at the end of 2011. The current global demand for biomass is huge—for estimated 53 
exa-joule (F.), Installed capacity of wind power at the end of 2011 was of the order of 238 GWW, of 
Which China accounted for about 44% of the global market, followed by USA and India, Solar 
photo-voltaics added up to 70 GW. Solar hot water/heat capacity was 232 GW,, (the subscript 
“th ‘indicating thermal heating), while ‘concentrating solar thermal power’ was 1.8 GW. It may be 
mentioned that mirrors or lenses are used to “concentrate” solar thermal energy or photo-voltaic 
sunlight overa small area thereby converting light energy toheat to drivea steam turbine or PV cells 
to generate electricity. The installed global ocean power was about 527 MW. According to the 
Geothermal Energy Association, USA the worldwide installed capacity of geothermal power was 
about 11,224 MW as of May, 2012, led by USA with 3,187 MW. Other countries generating 
geothermal power are Philippines (1,900 MW), Indonesia (1,200 MW), Mexico (1,000 MW), and 
Italy (800 MW). In 2011, some 136 MW capacity was added, of which 90 MW was in Iceland and 
42. MW in Costa Rica 

In its report entitled “Tracking Clean Energy Progress 2013", IEA mentions that the solar 
power generation has grown fast since the last decade and stood at 65 TWh in 2011. Onshore wind 
generation reached 435 TWh in 2011, while its offshore generation was 12 TWh. Geothermal 
generation attained 70 TWh growing at the rate of 2.9% annually since 2000, Solid biomass. 
biogas, municipal waste and liquid biofuels generated 310 TWh of electricity in 2011. Ocean power 
generation was relatively small standing at 1 TWh, but shows promise, Hydro-power has grown 
significantly since 2000 and produced an estimated 3,640 TWh in 2011, 

Another means of generating power, though negligible and economically unviable, is using the 
salinity gradient energy between fresh (river) water and ocean water through a process called 

pressure retarded osmosis (PRO)'. A very small osmotic plant (4 kW) using this process was 
installed in Tofte, Norway in 2009. 

As per the 2012 report of World Wind Energy Association (WWEA) Germany, the total global 

wind power installed capacity by the middle of the year 2012 was 254 GW. By June 2012. China 
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had installed 67.8 GW, followed by USA (48.8 GW), Germany (30 GW), Spain (22.1 GW), and 
India (17.4 GW). According to another organization, Global Wind Energy Council. the wind energy 
market will grow ata rate of 8% during the next 5 years by which time the total installed capacity 
would be 500 GW. It mentions that the potential of offshore wind was huge that could meet 
Europe’s energy demand seven times over and USA's four times over. 

In India, the Ministry of New and Renewable Energy has been mandated to strive for achieving 
‘energy security with lesser dependence on oil imports and deployment of altemative fuels, increasing 
the share of clean power through renewables, supplementing energy to rural people for cooking, 
heating ctc., making energy affordable, and working towards energy equity. The mission of the 
Ministry is o enhance the per capita energy consumption and bring it up at par with the world 
average by 2050 through sustainable and diverse fuel-mix. 

As per the Indian Wind Atlas, an estimated on-shore potential of 49,130 MW exists ata height 
of 50 m, At 80 m, the potential goes up to 102,000 MW, subject to validation. Gujarat (with 
10,609 MW potential), Karnataka (8,591 MW). Maharashtra (5.439 MW). Andhra Pradesh (5,394 
MW), Tamil Nadu (5.374 MW), Jammu & Kashmir (5,311 MW), Rajasthan (5,005 MW), Madhya 
Pradesh (920 MW), and Odisha (910 MW) are among the states that have great wind power 
potential. Solar photo-voltaic and solar thermal energy can generate about 50 MW per sq. km 
area, The Government of India launched a scheme called ‘Jawaharlal Nehru National Solar Mission’ 
in January 2010 that aims at deploying 20,000 MW of grid-connected solar energy by 2022 and 
1,100 MW by 2013. 

Biomass power potential in India is estimated to be 17,000 MW with another 5,000 MW 
through dedicated plantations on forest and degraded lands. India has about 150 million tonne 
surplus carbon-neutral biomass. Bagasse-based cogeneration potential is 5,000 MW, but 3.500 
MW more can be generated by adopting technical and economic improvements. The estimated 
small/mini hydro-power potential in the country is estimated as 19,749 MW from 6,474 identified 
sites. Out of this, roughly 30% potential exists in the states of Himachal Pradesh, Uttarakhand, 
Jammu & Kashmir and Arunachal Pradesh. A capacity addition of 350 MW has been fixed for the 
country’s 12" Plan, 

Potential exists for geothermal power generation in many of the Indian states such as Andhra 
Pradesh, Chhattisgarh, Gujarat, Jammu & Kashmir, Jharkhand, Himachal Pradesh, Maharashtra, 
and Uttarakhand 

At the end of January 2013, India had grid-interactive total installed power of 27,294.56 MW 
which comprised wind power installed capacity of 18.634.9 MW, small hydro-power capacity of 
3,552.29 MW, biomass power and gasification capacity of 1,263.60 MW, bagasse cogeneration of 
00.93 MW, solar power of 1446.76 MW and waste to power of 96,08 MW. The off-grid 
capacity was 826.082 MW, while other family renewable energy systems (biogas, solar heating 
etc.) were worth 52,6 MW. Thus, out of the total renewable energy installed capacity of about 
27.3 GW. wind energy contributes 68%, followed by biomass power (3.56 GW), small hydro- 
power (3.55 GW). and solar power (1.4 GW). The Ministry targets to set up 72 GW of renewable 
power, including 20 GW solar power capacity by 2022. 

There is notable development in the conventional water power source, namely, development of 
“small hydro” units. Its total contribution in India in the load sharing is presently small, but its 
relevance cannot be overlooked, We have devoted a chapter in this book to this aspect of water 
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power. Water power is generated predominantly from the flowing river waters, but itis also possible 
to produce power from phenomena such as waves and water currents in the oceans. We intend to 
touch upon these aspects also, though the main thrust would be on flowing rivers. However, a full 
chapter is devoted to tidal power, since its production has already reached a commercial stage. 


GLOBAL VIEW OF HYDRO-POWER POTENTIAL 


Different organizations have estimated the global installed hydro-power capacity in 2011 between 
930 GW and 1,072 GW. According to the World Atlas and Industry Guide 2012 published by the 
International Journal of Hydropower and Dams, the gross theoretical hydro-power potential in the 
world is about 43,388 TWh/year, of which over15,628 TWhiyear is technically feasible potential 
for development and more than 9,195 TWhiyear is identified as economically feasible potential, 
The installed capacity of hydro-power plants in the world in 2011 was about 975.5 GW. 
Asia (including Russia and Turkey) had the largest installed capacity of 1,390.8 GW, followed by 
Europe (excluding Russia and Turkey) at 181.27 GW, South America (140.5 GW), North America 
(140.34 GW), Africa (112.16 GW) and Australasia/Oceania (39.39 GW). Brazil has the largest 
water power resources in South America, assessed at 260 GW of technically feasible potential, of 
Which 32% (83GW) was already developed by 2011 and 24 GW capacity was under construction. 

However, looking at the global potential and current generation figures, it is seen that a vast 
economically feasible hydropower potential of over 62% still lies unexploited, although there are 
several small countries in the world where the contribution of hydro-power is reportedly 100% or 
close to that. Amongst them, countries like Burundi (100%), Lesotho (100%), Bhutan (100%), 
Paraguay (100%), Zambia (99.8%). Democratic Republic of Congo (Zaire, 99%), Namibia (99%), 
Laos (98) and Malawi (95%) may be mentioned. REN21 estimated worldwide hydro-power capacity 
as 970 GW at the end of 2011, that includes BRICS countries having 383 GW, EU's 27 countries 
with 120 GW, and USA having 79 GW. 

There are many perennial, large and mighty rivers in the world, These rivers have a great 
potential because of their large annual flows. Located in South America, Amazon river is by far the 
largest, Similarly, River Congo in Aftica, Yangize and Brahmaputra in Asia, and Mississippi in USA 
are such great rivers. Table 1.2 indicates the approximate power potential of a few of such rivers in 
Africa and Asia, 


Table 1.2 Power potential of some major Afro-Asian river systams 





SLNo. River system and country Estimated power 
potential im GW 
1. | Yangtze (China, Asia) 256 
2 | Congo Basin in Democratic Republic of Congo (Zaire, Africa) 132 
3. | Amazon (Brazil, Venezuela and 4 others) w 
4 | Brahmaputra (India, Asia) 6 
Be | 'Maekong (Laos ste, AS) 8 
6 | Indus (Pakistan, India, Asia) 338 
7. | Huanghe (Yellow River, China, Asia) 3 
8 | Ganga (India, Asia) 207 
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Table1.3 Water power: global view (Continent-wise) 





SINo. Continent Technically | Actually | Installed | % age of 
(and produced | hydro | technically 
economically)] hydro-power | capacity | feasible 
feasible | (TWhivear) | (GW) | potential in 
potential operation 


(TWhiyear) 














1 | Africa 1sn@| 122 259 133 
2 | Asia Gincluding Russia, 

Turkey) 8,007(4,689)| 1,390.8 442 297 
3. | South America 2.807(1.677)| 7124 1405 425 

Europe (excluding Russia 

and Turkey) 1,198(843)] S311 1813 a 
5. | North and Central 

America 1,920(1,056)| 6815 1703 645 
6_| Austratasia/Oceania 185(88) 304 133 448, 

Global Total 15,628 (9,195) | 3,467.4 975.5 30.7 











(Source: The International Journal on Hydropower & Dams, World Atlas and Industry Guide 2012.) 


Table1.4 Hydro-poworstalus: solact countries 











SLNo. Country Technically | Installed | Actual Yoage of 
(and capacity | generation | hydro in total] 
leconomically)] (GI) in 2011 | generation 
feasible awh) 
potential 
awhar) 
1 China (PRC) 24741753) | 2305 m2 4 
2 Russian Federation 1670(852) 46 1533 152 
3. Baw 1250(818) | $300 486 84 
4 USA 1375(376) 782 260 62 
5 Canada 827(536) 2.06 372 a9 
6 Democratic Republic of 
Congo (Zaire) 74) 240 751 oo) 
7. Norway 300(206) 3017 1198 95 
8 Pakistan 204(129) 655 289 217 
9. Ethiopia 260(162) 185 30 95 
10, Nepal 346.5221) 073 30 2 
" ‘Thailand 136.1167) 35 53 53 
12. Paraguay 85(68) 841 495 100 
1B. Tajikistan 264 (264) 503 1740 %6 
4 Venezuela 261 (100) 1513, 8986 m4 


























(Source: The International Journal on Hydropower & Dams, World Atlas and Industry Guide 2012, and IRENA, 


‘Renewable Energy Technologies: Cost analysis series, vol 1.) 
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Most of these rivers are yet to be fully utilized for their power potential due to one reason or the 
other. Thus, there is tremendous scope for the hydro-power development yet. Besides these mighty 
rivers, equally relevant are the small perennial rivers, Many rivers cross boundaries of one or more 
countries before joining the sea, Brahmaputra and Mekong in Asia are typical examples of such big 
river systems. Amazon rises in Peru and Columbia but flows for most part of its length in Brazil 
Mississippi (USA), Yenisei (Russia), and Yangtze (China) are single-country rivers 

In the neighbourhood of India, Pakistan has a hy dro-potential of 56,773 MW according toWater 
and Power Development Authority (WAPDA), Out of this, 6,792 MW or 12% has been developed 
so far. This includes 3.478 MW from Tarbela, 1,000 MW from Mangla, 1.450 MW from Ghazi 
Barotha, 240 MW from Warsak, 184 MW from Chashma, 30 MW from Jagran, 121 MW from 
Allai Khwar, 130 MW from Duber Khwar and 159 MW from various other hydro schemes. Hydro- 
power projects have so far been implemented mainly by the public sector utility WAPDA, The 
hydro-electric policy of Pakistan was modified in 2002 to cover public sector and public/private 
partnerships, besides private sector projects. First such major private sector project, New Bong HE 
project (84 MW) on Jhelum river has been commissioned in 2013 that will generate 540 GWh 
annually, Electricity demand in Pakistan is also growing, Presently, installed capacity for power 
generation in the country is 23,538 MW and WAPDA forecasts the demand to increase to about 
40,000 MW by 2020. 

There are many countries, where hydro-power development is either a great possibility or 
Where development plans give a prominent place to hydro-power. 





HYDRO-POWER: 





INDIAN SCENARIO AND PROSPECTS 


‘Table 1.5 shows India’s basin-wise water-power potential and status of capacity development in 
terms of installed capacity of projects over 25 MW. 


Table 1.5 Basin-wise hydro-power potential of India and status as of $0.3.2013, 

















Basin Total hydro- | Hydro-power | Capacity Capacity 
power potential developed under 
potential (MIN) | above MV @%) | construction 
25. MIV (utr) (usm) (%6) 

Brahmaputra 66065 65.400 1,988.04] 1988(3.04) 
Indus 33832 33028 11,1243(3368)] 4686(14.19) 
Ganga 20711 4,9872(2463)| _1307(643) 
Bast-flowing rivers 14si1 13.75 7,7982(5661)| _-455(3.30) 
West-flowing rivers 9.430 8997 5,660.7 (62.92) 100.11) 
Central Indian river system) 4,125 868 3.475(8137)] 4001034) 
All India total 148,701 145,320 |34,705.8 (23.88)| 12372 (8.51) 




















(Source: CEA, India, Sune 2013) 


This second hydro-potential assessment shown in Table 1.5 was made in 1987 on the basis of 
845 identified schemes, Additionally, 56 pumped storage schemes have also been identified with a 
potential of 94,000 MW. By 30 April 2013, however, a total of 39,623 MW hydro-power capacity 
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was developed, besides 4.786 MW of pumped storage (PS), while 1,080 MW PS capacity was 
under construction. In addition to such upcoming projects, a continuous process of refurbishment, 
rehabilitation, uprating and modernization of existing and old projects is also essential, While the 
cost of a new hydel project is of the order of & 50 million/MW, capacity addition by way of uprating 
can be done at about one-fifth of this cost in a much shorter time. The total river water flowing to 
seas annually is around 1800 » 10° m*, a large percentage of which can be used for power 
generation in conjunction with other consumptive uses of water. It may be seen from the Table 1.5 
that very little potential of the Brahmaputra basin has been exploited so far. In view of these Facts, 
inter-regional transfer of power and balancing of the supply become necessary. 

‘When we come to discuss the past, present and future scenario in India we may say that water 
power era started in India only allittle over a century ago. In Darjecling (West Bengal, India) the first 
station was commissioned in the year 1897. However, the first major scheme of 50 MW capacity 
was completed in Kamataka in the year 1902. Since then, till about India’s Independence, the 
growth was steady, though not very spectacular. In 1947, the total installed hydro-power capacity 
was 508 MW. Thereafter, it grew rapidly in all subsequent 5-year plans of the country, as the Table 
1.6 indicates 


Table 1.6 Water powerdevelopmentin India 
































Year Total power Iydro-power Share of hydro-power 

Mw) an) (%6) 

1917 13362 373 

1950 1713, 326 

1956 2.886 1,061 368 

1961 4053 1917 42 

1966 9027 424 437 

1969 14,103 6135 BS 

1974 16,664 6.965 u8, 

1979 26,680 10,833 406 

1985, 42,584 14460 340 

1990 63,636 18,308 288 

1992 69,065 19,194 278 

1997 85,795 21,658 252 

202 105,046 26269 250 

‘March 2007 132329 34,654 262 
(End of 10" Plan) 

March 2009 147,965 36878 49 

‘May 2011 174911 37817 216 

March 2012 199877 38.90 195 
(nd of 11" plan) 

April2013 2036 39,623 117 
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Fig.1.1 Powordovelopmentin India, 


Figure 1.1 shows the growth pattem of power graphically. Table 1.6 and the Figure 1.1, clearly 
indicate that while in the first two-three decades after Independence, the hydro-power share in 
India was effectively hetween 35% and 45%; it started falling down subsequently and in the year 
2000, it was barely 25%, presumably less than optimum. The Indian power system requirement 
has been assessed to need a hydro-power and thermal-nuclear power mix in the ratio of 40:60 for 
flexibility in system operation depending on typical load pattern, The present ratio of 25:75 needs to 
be corrected early to meet the peak load requirements, as also for system and frequeney stability 
‘Table 1.7 presents the installed power capacity in India as of April, 2013. 
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Table 1.7 Installed capacity (MW) in India (as of 30th Apri,2013) 





























Region Iydro Thermal | Nuclear ‘RES* Total 
aun) an) uw) au) aw) 

Northern 15468 37,208 1.620 5589 59,885 
Western 7447 1.840 8987 76.267 
Southern 11,353 1320 12252 56,010 
Eastern AS ) 455 28,503 
North-eastem, 1,242. 0 253 2.885 
Islands 0 70 0 6 16 
All India Total 39,623 151,681 4,780 27,542 223,626 








*RES: Renewable Energy Source includes wind energy, small hydro-power, biomass and solar power, 
(Source: CEA, June 2013, <hitp:/wwwcea.nie in) 





At the end of the 11" Plan, industrial electricity consumption was 45%, followed by domestic 
(22%), and agriculture (17%). The domestic consumption is poised to go on increasing with each 
coming year-The recent 18" Electric Power Survey (EPS) carried out by India’s Central Electric 
Authority (CEA) projected an all India peak: demand of 199,540 MW and peak energy requirement 
of 1,354,874 MU (or GWh) at the end of 12" Plan (2016-17). Corresponding actual figures for 
2012-13 were 135,453 MW and 998,114 MU, respectively. The projected figures for 2021-22 
(end of 13" Plan) were 283.470 MW and 1,904,861 MU, respectively. Despite substantial addition 
of capacity, the power and energy requirements still overshoot availability and peak deficits are 
likely to continue. 

From the above estimates it would mean that India needs a quantum jump in hydro-power 
capacity in the coming ten years, with an annual growth of say 6 GW from the 2012 figure of about 
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Fig.1.2Load-duration curve for India 
(Source: National Electricity Plan Vol-l, Generation GEA, Jan 2012) 
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223 GW. An addition of 82,000 MW comprising 30,000 MW hydro, 40,000 MW thermal and 
11,000-13,000 MW nuclear is envisaged during the 12" Plan. This will bring the installed capacity 
to 69.9 GW by 2016-17, Considering India’s hydro-power resources of 84 GW at 60% load 
factor, an installed capacity of 150 GW, excluding 15 GW of small hydro (below 25 MW) could be 
feasible even with an average load factor of 30%. However, if we compare these figures with those 
of the other Asian giant, viz.. China (PRC), we see that the installed capacity there was already 
12. GW at the end of 2011, ic., more than 5 times India’s. With more than 60 new hydel projects 
to be constructed during its 12" Plan (2011-2015), China’s hydro-power installed capacity is 
targeted to reach 325 GW by 2015 with 41 GW of pumped storage. The country further plans to 
achieve a target of 430 GW by 2020, 

With the presumption that by the end of 12" Plan, the peak loads as well as the energy 
requirement of the country will be met and different likely sources of power generation will be 
used, the CEA has prepared a probable all-India load-duration curve as shown in Fig. 1.2. 





INTER-REGIONAL IMBALANCES 


Different regions of India have their own average and peak load pattern as well as their own 
thermal/hydro mix. They also have distinctive hydro-power potential identified by the CEA (Central 
Electricity Authority). Table 1.8 shows the region-wise average daily demand as well as the total 
hydro potential 


Table 1.8 Regional hydro-power potential development and energy requirement (2012-13) 











Region | Estimated | Actual | Potential | Energy | Energy |% Deficit®* 
potential | developed |development|requirement | available 
aur) aw) (%) | (million | (uy 
|units, MU)" 

Norther 53,395 | 15468 29 30074 | 273,240 92 
Western 8928 7447 834 296475 286,683 33 
Souther 1645811353 cc) 2182 | ROR | 155 
Eastern 10.949 413 316 17457 | 102510 46 
Northeastern | 58,971 1242 2 11,566 1718 73 
AlLIndia 148,701 | 39,623 26.6 998,114 911,209 87 

















(Source: CEA, India) *As of 30 April 2013; **For the period April 2012-March 2013 


CEA anticipates that during 2013-14, the energy deficit in northern, western, southern, eastern 
and north-eastern regions will be, respectively 5.8, 1.2, 19.1, 10.2, and 11.3 per cent. The all-India 
deficit will remain about 6.7%. The peak demand deficit in the southern region is anticipated to be 
about 11,669 MW or 26.1%. 

Itclearly emerges from these figures that there is no parity in the regions demand-wise or even 
potential-wise. as castern and north-eastem regions have comparatively much less demand, and 
northern and north-castem regions having over 70% of the total potential as compared to western 
and castern regions which are relatively poorly endowed with hydro-potential, Notably, about 
64,000 MW or 78% of total potential lies in the Himalayan region alone. 
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Fig.1.3 Dally load curve pattamsof a city, 


Many of the water-power houses in India have become old enough and require early retrofitting 
or uprating with proper repairs budget. This is termed as refurbishing. This is also referred to as 
Renovation & Modemization (R&M). Life Extension &Uprating (LE&U), Up to 31 March 2013. 
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83 hydro-power schemes were brought under RM&U which resulted in an enhancement of 
3086 MW due to life extension. Another 39 schemes are proposed to be taken up for RM&U in the 
12" Plan (2012-17). 

Figure1.3 shows the characteristic daily load curves for an Indian city during typical months 
which depict the pattern of load requirement. Due to rising standard of living, among other needs, 
the peak load is seen to be rising in recent years. For example, the daily peak demand in Delhi 
touched 5942 MW in 2012 but there was still a deficit of 300 MW. However, a shortfall of load 
during peak demands is persisting in several of the Indian states despite capacity addition of installed 
power, which is apparently not adequate. 

Financial crunch seems to be the basic cause for this “power crunch’. Till not long ago, the 
power industry was mainly in government hands, but now the Ministry of Power is involving 
the private sector also in order to facilitate inflow of money and augmenting capacity, Fund allocation 
sought for the 11" Plan hydro-power capacity addition was % 689.24 billion out of 
which & 265.77 billion was to be from private sector. Funds needed for the 12" Plan hydro are 
% 829.72 billion of which & 226.59 billion will be from private sector. At the end of 10" Plan 
(31 March 2007) the private sector had completed projects with 1.306 MW. As of April 2013, ten 
private sector companies had constructed 13 projects with a total installed capacity of 2,728 MW. 
Further 46 projects will be constructed by the private sector during the 12" Plan, The projects 
under private sector that have already been commissioned include Karcham Wangtoo (1.000 MW), 
Baspa HE project stage-II (300 MW). Allain Duhangan (192 MW), Malana HE project (86 MW 
Malana-I (100 MW), Budhil (70 MW) all in Himachal Pradesh; Vishnu Prayag (400 MW) in 
Uttarakhand, and Hansdeo Bango (120 MW) in Chhattisgarh. Several other projects including 
Srinagar (330 MW) in Uttarakhand; Teesta-III (1,200 MW) and Teesta-VI (500 MW), Rangit-IV 
(120 MW) in Sikkim: and Maheshwar (400 MW) in Madhya Pradesh etc, are under construction, 
In addition to other steps for accelerating capacity enhancement, forging public-private partnership 
in the hydro-power sector is an important and welcome initiative by the Government of India. 








TRANSMISSION OF POWER 


We said carlier that water power benefits would not confine to national level but would cross 
political boundaries, at east, to cover the adjacent countries. Mekong development in Asia is one 
such on-going project that would benefit four countries in the region, namely Laos, Cambodia, 
‘Thailand and Vietnam. Back home, India has already pacts with Nepal and Bhutan (Wangchu River) 
in this respect, If one big breakthrough is named that has made this possible, it is the development 
of high voltage (HV) transmission technology. More recently, the extra high voltage (EHV) AC or 
DC lines (HVDC) transmission have made the long distance power transmission a viable proposition, 
Advancement in this field has made it possible to exploit remote power generation sites and transmit 
the generated power to load centres thousands of kilometres away. In India, both inter-state (central 
transmission utilities operated by public, private or joint sectors) and intra-state (owned and operated 
by states) transmission systems are in place, The National Grid evacuates power from all generating 
stations, inter-regional links as well as inter-state and intra-state transmissions, Total inter-regional 
transmission capacity was 5,750 MW at the end of the 5" Plan and further 8.300 MW was added 
during the 10" Plan (2002-7), By the end of 11th Plan (March 2012) this became 25,650 MW. 
Inter-regional connectivity has been planned with hybrid systems comprising HVDC, ultra high 
voltage AC (765 kV) and extra high voltage AC (400 kV). In terms of line lengths (cireuit kilometres) 
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of transmission lines of different voltages, the progress has been satisfactory. By the end of 11" 
Plan the 220 kV lines were 140,782 ckm in length, 400 kV lines 112,961 chm, HVDC bipole lines 
(4 500 kV) 9,432 ckm, and 765 kV lines 4,616 ckm, Thus, a total of 267.791 ckm of transmission 
lines were in place up to March 2012. Accordingly, the transformation capacity of sub-stations and 
HVDC terminals was also enhanced and by the end of March 2012, a total of 387,961 MVA 
substation capacity comprising 221.574 MVA of 220kY, 152,887 MVA of 400 kV, and 13,500 MVA 
of 765 kVs, as well as, 13.500 MW of HVDC bipole was also achieved. 

It is expected that at the end of 12 Plan, 18,872 ckm of HVDC bipole lines (+ 800 kV), 
31,616 chm of 765 kV lines, 150,961 chm of 400 kV lines and 175,782 ckm of 220 kV lines will be 
added, bringing the total line length to 377,231 ckm and total AC sub-station capacity to 
657,961 MVA and HVDC bipole terminal capacity to 26,500 MW. 








High Voltage Direct Current (HVDC) 


Advantages of using high voltage direct current (HVDC) are (i) bulk transfer of power over long 
distances, like 1,000 km or more, (i) ease of interconnection of a synchronous system, (ii) sub- 
marine links, (iv) improvement and stability of systems, (v) reduction in right of way, ete, The 
power-switching element enables the power from the AC network to be converted to DC and then 
reversed to AC. Today, new power semiconductor deviees, like direct light triggered thyristors, 
gate tur off thyristors, silicon induction thyristors, etc., are speeding up the HVDC technology 
growth, The newly emerging “flexible AC transmission system’ (FACTS) is expected to allow fast 
switching action compared to mechanical switches like circuit breakers, mechanical regulators etc, 

Power generated (6,300 MW) from Itaipu project is being transmitted by a 600 kV HVDC line 
since 1984, Studies have brought out that interconnecting large hydro-power plants to distant load 
contres by HVDC +800 kV works out to be the most economical solution. 

Two HVDC projects were operational in India as early as 1992, They are as follows: 

1, Between Singrauli Super Thermal Power Station in the northern region to the Vindhyachal 
Super Thermal Power Project in the western region, The AC yoltage system is of 400 kV 
and the DC voltage is #70 kV. 

2. Between Barsoor (MP) in the western region to Lower Sileru (AP) southem region, 
transferring 100 MW of power at 100 kV monopole in the first stage, raising it to 200 MW 
at £200 kV DC monopole (not functional any more) in the second stage and 400 MW at 
£200 kV DC as bipole in the third stage. 

However, as mentioned above, 9,432 ckm of HVDC bipole lines now exist with a terminal 
capacity of 13,500 MW.A +800 kV HVDC system for evacuating 6,000 MW power from north- 
easter region to northern region over a distance of 2,000 km is being implemented. Research work 
is also in progress for the feasibility ofa 1,000 kV HVDC system. In the 12" Plan, itis planned to 
add 7.440 ckm of +800 kV of HVDC lines and 2,000 ckm of 600 kV HVDC, thus having four 
back-to-back and nine bipole systems in the national grid 








Technological Options 


For evacuation of generated power efficiently during the 12" and 13" Plans, some of the options 
that will have to be considered include enhancing the transmission voltage from 765 kV AC to 
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1200 kV and HVDC voltages to +600 kV and £800 kV (UHVDC), Hybrid model using both AC and 
HVDC could also be considered. High capacity lines and high conductor temperature options will 
have to be kept in view 

Power transfer requirement out of eastem and north-eastem regions where there could be 
possible surplus to the other regions will necessitate high capacity long distance transmission. As 
mentioned above, already a:+800 kV system is contemplated along with 400 kV AC support system 
to take care of some 9.5 GW evacuation. For an additional 48 GW. a hybrid system of five +800 kV 
HVDC and four 1,200 kV AC systems has been considered, A 1,200 kV AC transmission corridor 
is proposed between Raipur-Wardha and Wardha—Aurangabad for transfer of bulk power from 
eastern to western parts, The ultra high voltage AC (UHVAC) 1,200 kV technology being relatively 
new, a test station has been set up in Bina (MP) by the Power Grid Corporation of India together 
With some manufacturers to test a 1,200 KV line being constructed, for design optimization. 

India is now geared to adopt appropriate technology and development in the identified areas, viz. 
2800 kV HVDC system, 765 kV AC transmission system, UHVAC transmission system (1.200 kV), 
flexible AC transmission system (FACTS). upgradation/uprating of transmission lines, high 
temperature endurance conductors, tall/multi-circuit and compact towers. high surge impedance 
Joading lines (HSIL), remote operation of sub-stations, substation automation and gas insulated sub- 
station (GIS), all aluminium alloy conductors (AAAC) and polymer/composite insulators, dise 
insulators of 320 KN and 420 kN, etc.. for improving grid performance, wide area measurement 
system (WIMS) based technology will be the key. That will also entail phasor measurement units, and 
improved technologies in energy storage, fibre-based communication, control and automation etc 








Losses in Transmission and Distribution of Power 


Asa result of poor management and clandestine pilferage of electricity, at present the line losses in 
transmission and distribution (T&D losses) in India are very high—in the range of 30%, Some Indian 
states like Jammu & Kashmir and Bihar recorded more than 50% of such losses during some years 
In developed countries, the permissible limit is up to 10%, Figures for China and Japan stand below 
there is a need for strict control in this respect, Much of the future energy demands 
can be met by efficiency improvement. All India T&D losses during 2009-10 were 25.39% and 
23.97% in 2010-11. India proposes to reduce the T&D losses from the present 24.15% to 17.09% 
by the end of 12" Plan and to 14.17% by the end of 13" Plan, as per the 18"" EPS. Together with the 
states, the Goverment of India started an ‘accelerated power development & reform programme’ in 
2001 to upgrade the distribution system, minimize T&D losses, improve metering and realize user 
charges properly. The state utilities were asked to cut these losses to 15% by the end of 11" Plan, 
However, this required extra funds to improve T&D infrastructure which could not be managed by 
them. Apparently, much more time is required to cut these losses by the states. 

Since nota the losses can be attributed to T&D. a concept of aggregate technical and commercial 
(AT&C) losses has been evolved that captures total losses in the system. The technical losses are 
on account of inadequate investments over the years for system improvement overloading of 
transformers, conductors, etc., and lack of adequate reactive power support. The commercial 
losses result due to poor metering, thefts and pilferages etc. The ATC losses in India in 2009-10 
were 26,58% and 26% in 2010-11 
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SWOT OF HYDRO-POWER 


Viewed from the development angle, Indian water power sector has the following strengths, 
weaknesses, opportunities and threats (SWOT): 


Strengths 


1 
2. 
3 


Eternally renewable source of energy. 


Running costs very low, 
Ideal for peaking and has enough built-in flexibility in operation, 

4. A variety of hydro-turbines can be effectively used depending upon discharge and head 
availability 

5. Non-consumptive use of water, 

6. Water resource not subject to market fluctuations as in case of oil, coal or natural gas. 

7. System reliability greater than the other resources, also life expectancy of modem equipment 
is more 

8. Recycling of water through pumped storage (PS) plants possible, wherever feasible 

9, Very wide range of generation feasible (from a few kW to a giant plant of a few thousand 
MW), depending upon the availability of water. 

10. Additional benefits like recreation, flood control and fisheries easily possible, Similarly, where 
storages are involved, irrigation, water supply, etc,,can also be provided to make the project 
multi-purpose. 

11, Can optimize operations and improve grid stability of thermal power plants due to cost 
effectiveness, efficiency. flexibility and reliability 

12. Minimal maintenance problems. 

13. Efficiency high over a considerable range of load. 

14. Eliminates air pollution, brings down the level of greenhouse gases and acidification of rain, 
soil, and aquatic system: does not harm the ozone layer in stratosphere: thus, a good substitute 
to thermal power or fossil-fuelled options 

15, Water storages help in aquifer recharge and reduce vulnerability to droughts and floods, 

Weaknesses 
1. Variability of runoff from year to year and eyen month to month, 
2. Water being a scarce commodity, inter-state and international rivers may lead to political 
controversies and impede development. 
3. High initial capital costs and large gestation period. 

4. Location of load centres often away from the possible production sites. 

5. Diverting water altogether from one basin to other basins leads to controversy between the 
upstream users and downstream users 

6. Creation of large reservoirs often poses environmental concems, Large reservoirs also 
cause losses by evaporation 

7. Relative dearth of companies manufacturing hydro-electric equipment in private sector. 

8. Till recently, a monopoly of public sector in India, private sector entry is relatively recent 





and rid with problems of its own, especially on small scale, This has been discussed in 


Chapter 17 on small-scale hydro. 
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9. Lack of proper maintenance can give rise to longer outages. 
10, Generation becomes difficult in unusual drought years, 


Opportunities 
1. A bright future of hydro-power exists because of its independence of any consumable item 
such as fossil fuel 
In view of its great suitability for peak demand power supply. itis ideal to work in a power 
system of thermal, nuclear and hydro mix. 
3. Power export from small but water-rich countries (c.g., Nepal) to power-starved countrics 
in the neighbourhood (¢.g., India) is easily feasible, 


Threats 


Probable increased seismic activity in the neighbourhood of large dams, 

Involuntary resettlement of population from the project area 

Risk of landslide in geologically unstable areas 

Reservoir siltation is a potential threat, which is universal 

Dams and reservoir based hydro-power generation is being accused in some countries of 
having potential to release methane when impoundment happens in forest/vooded areas, 


eye 


we 


ESTIMATION OF HYDRO-POTENTIAL 


IQ m*fs is the discharge at any site and iti allowed (o fall through a height of Hf metres, the power 
potential atthe site is 
Py = wOH(m kg/s) (dd) 


where w = 9810 Nim*, say 9.8 kN/m?, ie, specific wt. of water. 
This is the available theoretical power from the stream at the instant of measurement 
Since 1 kW = 1000 J/s = 1000 Nmv’s 
So, P,=n,98OHKW (12) 
where P, corresponds to the same period as O 
and H, and 1, is the overall efficiency of 
conversion from stream power to electric power. 
The discharge of a river varies over a wide 
range. High discharges occur for a short duration 
ina year. thus. substantial power generation would 
also be for a short duration only, Ifthe discharge 
rate is plotted against percentage duration of time 
for which it is available, we get a flow duration 





Power 





(4380 h) (6760 h) 
curve, In the same manner, a power duration curve Percentage of time 


can also be drawn, since power depends directly 
on discharge. A typical power duration curve is 
shown in Fig. 14. 

‘The minimum potential power computed from the minimum flow available for 100% of time 
(365 days or 8,760 hours) can be represented as P,,.yy. Small potential power is computed from 





Fig.1.4 Poworduration curve. 
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the flow available for 95% of time (or 8.322 hours in a year), Hydro-power projects are normally 
designed for 95% discharge availability, while irrigation projects are designed for 75% water availability. 
‘Whereas the average potential power is computed from flow ayailable for 50% of time (6 months 
or 4.380 hours), the mean potential power is worked out from the average of mean yearly flows 
over a reasonably long period of time, which is equal to the area of the flow duration curve 
corresponding to the mean year. The maximum theoretical potential energy ,,, ofa river may be 
expressed as 





Egaye = 8760 P,, KWh (13) 


However, the actual maximum power generated will be lower due to loss of head in conveyance 
and loss in energy conversion, To account for these losses, a multiplier factor of about 0.75 to 0.80 


is incorporated in Eqn. 1.1 which then gives the mean power P,, 4 for arithmetic mean discharge 


O,, 28 

Payne 7 (74 to 8.0)0,1 KW aay 
and maximum net river energy potential as 

Enag net 8760 Py yoy KWH as) 


PLACE OF HYDRO IN THE POWER MIX 


Where hydro-poweris the only major source in a power mix of a country, it would obviously be the 
major base load-sharing source in the mix, However, where this is not the case, a few other basic 
principles become operative and govern the load sharing vis-a-vis water power. These are as 
follows: 

(®) Load sharing ought to be maximum when the natural river flow is maximum and vice- 
versa, 

(ii). Since hydro-power can be switched on in a matter of minutes, itis naturally more suited 
for intermittent operation and hence ideal for daily peaking purposes. Both nuclear and 
thermal power prove diflicult for intermittent operation every day. They may, however, 
be suitable for seasonal off-on operations, 

(itt) Ihydro-power is mainly for the lighting purpose in rural areas, small hydro plants can be 
run for limited hours, if they are in stand-alone mode, ie., off-arid, 


MULTI-PURPOSE DEVELOPMENT 


A multi-purpose project is one in which the water resources development foresees objectives and 
targets to meet multiple needs of the society. A comprehensive definition of the term “multi-purpose 
project’ has been given by J W Dixon as follows: 


~A multi-purpose project is one that can be operated on an assured basis to provide more than 
‘one purpose and whose design is such that the method of operation can be altered from time to 
time, if desirable, to change the emphasis of its services, so that it can contribute most beneficially, 
whether itis to serve as a single development project or as a productive element in a larger system 
of dams, rendering in cither circumstance optimum of economic benefits that are desired with each 
service at a cost that is warranted.” 
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The definition stated above simply means that a multi-purpose project is one that caters to 
more than one purpose and has a good deal of flexibility in its operation, 

Various purposes for which a water resources project can be planned are enumerated below. 
(2) Drinking water needs—urban and rural water supply 

(ii) Irrigation 

(i) Hydro-power development 

(iv) Flood control 

(v) Navigation 

(vi) Recreation/tourism fishing etc. 

(vii) Industrial requirements 


CLIMATE CHANGE AND HYDRO-POWER 


‘Climate change due to global warming. along with its causes, like release of carbon dioxide, methane 
and other harmful gases into the atmosphere from different sources, has posed a real challenge to 
the power industry as well. While the exact effect of climate change is uncertain and is still being 
assessed, it is very clear that the results, in general, will be adverse, Recent IPCC reports have spelt 
‘out the likely impacts of climate change on water resources in different regions of the world 

Accordingly, many parts of the world will face varying degrees of floods or droughts, melting of 
glaciers, and more intense or reduced rainfalls/runoffs temporally, with their greater variations 
spatially. Thus, the availability of water in streams will govern the suitability and economic viability 
ofa particular type of plant—run of river or storage. This will also be associated with the resulting 
sedimentation problems. The impact of climate change is likely to be different in different locations, 

According to the IPCC forecasts, in northern India, the temperature is likely to increase generally 
by about 1-2 °C in the next two decades (nearing about 2 °C towards 2050), while in the fall and 
‘early winter, the increase may be relatively modest—of the order of ¥4~1°C, The monthly precipitation 
would decrease by about ¥s~1 mm per day in most months, slightly increasing and concentrating 
in the middle of the rainy season. 

In Sri Lanka the temperature is likely to increase evenly all the year around, More rainfall is 
expected from June to September, but the dry season would have less precipitation. In southem 
Vietnam, temperature would rise by 4~1%, especially in winter, The area will experience increase 
in rainfall in most months, but the increments may be relatively small 

Small glaciers, with their smaller response time, are more vulnerable to the climate change, 
Indian Himalayas haye 9,575 glaciers covering an area of about 38,000 km”, According to a study 
of 466 glaciers in Chenab, Parbati and Baspa basins using remote sensing data, a reduction in the 
glacier area has been recorded from 2.077 km? in 1962 to 1,628 km? in 2006, with deglaciation of 
21%. In the Sutlej river basin, changes in the distribution of melt runoff were more pronounced 
during the summer months as per the study. A decrease of about 10% runoff for a temperature 
increase of 2 °C during these months results in an annual decrease of about 5%. Similarly, in the 
Dokriani glacier with a drainage area of 16.13 km? of which 9.66 km? (60%) is covered with snow 
and ice, the contribution of glacier melt and rainfall to the runoff is 87% and 13%, respectively 
‘Thus, for a temperature rise of 2 °C, the increase in summer stream flow would be about 28%. 

In the Alpine region of Europe, the runoff is slated to decrease during summers and increase 
during winters, which is likely to improve hydro-power generation. With the likely decrease in the 
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areas of glaciers, the possibility of storage schemes will increase, It is also predicted that natural 
calamities like floods and droughts will rise, but the creation of storage capacity could alleviate 
them. There will also be increase in the sediments, In southern Europe, runoff’ and drought 
durations could rise. These situations are likely to reduce power generation, but offer possibilities 
for storage, Overall, the climate change aspect has made the hydro-power planners and managers 
think and take appropriate action with regard to their design and operation accordingly 

An environmental issue has been raised from the studies of some Brazilian reservoirs that the 
hydro-power plants are not really ‘green’, especially in the tropical regions, perhaps because during 
impounding of the reservoirs, a lot of biological material, like trees, ctc., gets submerged which 
eventually releases harmful gases like methane. However, this generalization is debatable, as such a 
situation is site specific. For example, it is argued that in India such an eventuality may not take 
place at all, since practically all the trees, timber, vegetation, wood etc., are taken away by the needy 
villagers for their fuel needs much before the impoundment, Despite such fears, hy dro-clectricity 
remains one of the cleanest renewable sources of energy. Itis well recognized, and compared to the 
fossil fuels, hydro-power performs far better in terms of the carbon footprint it leaves. Itis estimated 
that generation of | GWh of electricity would require 220 tons of oil or 330 tons of hard coal, Thus, 
the generation from water helps in saving 250 and 290 million tons of CO, compared to an oil-fired 
and coal-based plant of equivalent capacity, respectively, Hydro-power plants neither produce any 
air pollutants, nor any toxic by-products 





INDIA'S COOPERATION WITH NEIGHBOURING COUNTRIES 


India has contributed greatly to develop hy dro-power potential in the subcontinent for socio-economic 
development and mutual benefit with its neighbours. The countries supported in this regard are 
Bhutan, Nepal, Afghanistan and Myanmar with which agreements or MoUs have been signed. 
A brief description of the scenario in these countries is given below 


Bhutan 


Bhutan’s hydro-electricity potential is estimated at over 30,000 MW. In its hydro-power Master 
Plan Update Exercise (2001-2003), a total of 76 schemes were identified and shortlisted as potential 
schemes (>10 MW capacity each) with a total power potential of 23.760 MW. Bhutan has four 
major river systems, viz., Torsa, Wangchu (known as Raidak in India), Sankosh and Manas, which 
are large, snow-fed and perennial, and offer attractive possibilities for hydro-power development, 
Presently, three projects have been commissioned with India’s assistance. These include Chukha 
project on river Wangchu in western Bhutan (4 « 84 = 336 MW); Kurichhu project located on the 
river Kurichhu, a principal tributary of the Manas in eastem Bhutan (4 » 0 MW); and Tala 
Project immediately downstream of the existing Chukha project (6 * 170= 1,020 MW). In addition, 
Punatsangchhu project stage-I (6 « 200 = 1.200 MW) located in the western part of Bhutan in the 
Sankosh river basin is under construction, as also Punatsangchhu-II (1,020 MW) and Mangdechu 
(720 MW). 

Detailed project reports (DPRs) are being prepared jointly by the two countries on nine more 
projects, These are Punatsangchhu project-II (990 MW), Mangdechhu project (720 MW), Wangehhu 
reservoir scheme (900 MW), Bunakha project (180 MW), Sankosh multi-purpose project 
(4,060 MW), Amochhu reservoir project (620 MW), Chamkharchhu-1 (Digala) project (670 MW). 
Kholongehhu project (486 MW) and Kuri Gongri project (1,800 MW), 
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Nepal 


As per the studies carried out by the Department of Electricity, Ministry of Water Resources, HMG 
Nepal in 1971, its theoretical hydro-electric potential assessed on the basis of average stream flows 
is estimated at 83,280 MW, comprising Kosi (22,530 MW), Gandak (20,650 MW), Karnali or 
Ghagra (32,010 MW), Mahakali or Sarda (4,160 MW), and southern rivers (4.110 MW), including 
‘major and small schemes. 

With the assistance of India, four schemes, viz., Pokhra (1 MW), Trisuli (21 MW), Western 
Gandak (15 MW) and Devighat (14.1 MW) are already operational. Three other projects of mutual 
interest, viz., Pancheshwar (5,600 MW), Sapta Kosi and Sun Kosi storage-cum-diversion scheme 
G.300 MW of 6 * 500 MW plus three canal power stations of 300 MW) and Kamali (10,800 MW 
of 18 600 MW), are under consideration. 

Some more projects are at various planning stages. Amongst these are Upper Kamali (300 
MW), Burhi Gandak (600 MW), Naumure (207 MW), Arun-III (402 MW), Upper Arun (335 MW) 
and Lower Arun (308 MW). 





Myanmar 


Myanmar has a potential of about 100,000 MW, of which 39,720 MW has been identified for 
development. Amongst the major rivers of the country include Irrawaddy, Chindwin, Sittang and 
Salwecn (said to be the longest un-dammed river in South-cast Asia). With the assistance of India 
for design and engineering, Sedawyagi project (25 MW) has already been commissioned. Two 
other mutual benefit projects with India, called Tamanthi multi-purpose project of 1,200 MW 
capacity and Shwezaye of 880 MW capacity on Chindwin river are being developed, for which 
DPRs are under examination by the concerned authorities. 


Afghanistan 


India had rendered its services in the past for some hydro-power projects in Afghanistan, such as 
Kajakai, Khanabad and Lower Helmand Valley Development, Its currently working on Salma dam 
multi-purpose project (3 « 14 MW) near Chisht-c-Sharif in Herat province. 


Tajikistan 


With the assistance from India’s Hydro-power Sector Undertaking, an agreement has been signed 
(2009) with Tajikistan for renovation, modernization and uprating of its Varzob hydro-electric 
power plant (2 3.67 MW). 


Questions 





1. Discuss the strengths, weaknesses and future prospects of water-power in India, 

2. “There is great scope for water-power in developing countries.” Comment on the statement 

3. “Small hydro-power assessment in India not only needs a reapprisal; but also a greater thrust in the 
12 and 13" Five-year Plans”. Discuss, 

4, Discuss the significance of a National Power Grid 
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5, The long-term mean monthly discharges for a perennial river, expressed in m’/s are given below: 





Jan | Feb | Mar | Apr | May | Jun | Jut | Aug | Sep | Oct | Nov | Dec 





@ (cumec 32 | 29 | 24 | 17 | 15 | 20 | 105] 85 | 70 | 55] 46 | 39 















































Note: Any day's highest mean discharge = 200 m3is, 


If a small hydro-power plant is proposed to be constructed on this river so that the head over the 
turbine remains constant at 10.0 m, ealeulate, by drawing a flow duration curve, 


i) the stream power Pay. Pas toed Psy 
Gif) stream’s arithmetic mean PoWET, P, nay 
(iff) approximate energy output from the powerhouse per year (assume 1), = 60%). 


(Hint; Por (i) use the data to construct How duration curve, From this curve read yy. Ops- Qsy and 
hence find Ppg, Pos and Psp. For (ii), Work Out P, yey, and then use Eqn. 1.5). 


‘pines 


Elementary 
Hydrology 





Development of power from flowing water depends firstly on the volume of flow and, secondly, 
‘on the differential head that could be availed of. ‘The power potential is directly proportional to both 
these variables, as seen in Eqn. 1.1 of chapter 1. In this chapter we propose to discuss the more 
important of these two aspects, namely, determination of the quantity of flow available and its 
variation with respect to time. The sciences that discuss these aspects are hydrology and 
hydrometeorology, brief introduction of which is presented in the following paragraphs. 


DEFINITIONS 


Hydrology can be defined as the science that deals with the processes governing depletion and 
replenishment of water resources over and within the surface of earth in any state of its existence. 

ILis evident that the understanding of this science, can accord greater reliability to the design of 
irrigation and flood control works, power projects, municipal and industrial water supply schemes, 
navigational works, etc. All these projects require a precise assessment of stream flow 

Hydrometeorology is the science that discusses the movement of water and water vapour in the 
atmosphere. Itis important to note that though the two sciences of hydrology and hydrometeorology 

are quite distinct, at times they do overlap. From the year 1975 onwards, UNESCO has adopted a 
long-term programme termed as IHP (International Hydrological Programme) in order to create a 
global awareness of the importance of hydrology. 











BRANCHES OF HYDROLOGY 


The study relating to the circulation of water from and to the earth is carried out under two 
branches of hydrology 

(i) Surface water hydrology 

(i) Sub-surface, or groundwater, hydrology 

Since, for the water power projects, only the water flowing direetly at the project site over the 

surface is relevant, surface hydrology is of greater significance for the hydro-lectric engineers 
Groundwater hydrology does not have a direct bearing on the development of power and is, 
therefore, not discussed in this book. It may, however, be remembered that both surface and sub- 
surface waters are part of the total hydrological system (see Fig, 2.1) and are interdependent to 
some extent. 
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HYDROLOGIC CYCLE 


The cyclic movement of water from the sea to the atmosphere by evaporation, and from there by 
precipitation to the carth, and finally through streams and rivers back to the sea is referred to as the 
hydrologic cycle. It is represented schematically in Fig. 2.1 
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Fig.2.1 Hydrologic cycle, 


Hydrologic Cyele as a System 
‘The circulation of water in various forms to and from the earth can be represented as a system. It 
will be worthwhile to understand the two processes, viz., the physical system through which the 
water passes and the dynamic process by which the movement occurs. The physical system may 
be seen as a “black box’ in which some processes are taking place. The schematic representation of 
‘a system component is shown in Fig. 2.2 





Inflow PHYSICAL utlow 
as input SYSTEM ‘as output 

















Fig.2.2. Watercirculation asa system. 


The process may also be written in an equation form as follows: 
Output = © (Input) 

here & is the response function of the catchment as a system, The input in the above equation is 

the rainfall-excess and the output is the direct surface runoff. The operator ® transforms the input 

function into the output function. 

The relationship between the elements of inflow and outflow is provided by the solution of the 
equations of mass, cnergy, momentum and state, However, solving these equations is well nigh 
impossible as the entire cycle represents one of the most complex systems of nature consisting of 
many sub-systems about which complete information is still not available. The process is 
heterogeneous, non-linear and time variant, It is for this reason that, invariably, there isa difference 
between the observed and computed behaviour of hydrologic output corresponding to the same 
input. The main aim of hydrology is to offer workable estimates of the response of hydrologic 
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system to rainfall inputs, In other words. at least for surface water hydrology. rainfall—runoff 
relationship is the pivot of the discussion. 





HYDROLOGIC EQUATION 


The basic hydrologic equation is simply the statement of the law of conservation of matter. It may 
be defined as: 


Inflow = Outflow + A, 


‘Storage 


This equation shows that during a given period, the total inflow (o a given area must equal the 
total outflow, plus the change in storage (A,,.4g¢)- The main source of inflow is precipitation, 
Whereas the sources of outflow are surface runoff, evaporation, transpiration, and interception 
Change in the storage is the effect of changes in moisture, depression storage and detention 
storage 

The relation between rainfall and runoffis complex. The parameters involved in the relationships 
themselves are not very accurately determinable. A part of the precipitation is lost duc to infiltration 
and evapotranspiration, another partis temporarily detained to be subsequently evaporated. and so 
on. Considering the more significant losses, the general hydrologic equation over a certain time 
period may be expressed as: 





PO, +h, ty tht D+ 8, en 


where P,, is mass precipitation 
@,, is mass surface runoff 
1, is the total infiltration 
E,,, is mass evaporation and transpiration 
1, total interception 
D, is detention storage 


S, is depression storage 





‘These terms are defined below 


(a) Precipitation 
This is a major source of inflow and includes rainfall, snowfall, mist, dew, frost, hail and sleet, The 
‘most significant contribution to the inflow, however, is of rainfall and as such, in loose terms, 
frequently the rainfall is referred to as precipitation, This is true for Indian conditions also (except 
for the Himalayan regions where snowfall does contribute). 

(b) Surface Runoff 

This is that portion of the precipitation that appears as surface flow at the gauging site, after all the 
losses such as, interception, evaporation and transpiration, infiltration and soil moisture requirements 
‘have been met. From the above equation it is also evident that if losses are subtracted from the mass 
precipitation, it gives the quantity of surface runoff. In other words: 


Oy, = Py, ~ Losses 22) 








(0) Infiltration 
Its the process by which water enters the surface strata of the soil and makes its way downward 
to the water table, The infiltrated water first replenishes the soil moisture deficiency and the excess 
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moves downward (0 become part of the groundwater, Infiltration is discussed in details in a 
subsequent section. 

(@) Evaporation and Transpiration 

Evaporation is the process by which water in liquid or solid state is converted into vapour form and 
removed from the evaporating surface. This is a highly significant loss in the hydrologic equation, 

‘The vaporization may take place from various surfaces like lakes, rivers, pavements, soils, wet 
vegetation, etc. This is further discussed under the heading ‘Evaporation’ later in this chapter. 

‘Transpiration is the process whereby the moisture absorbed by the roots of the trees and 
circulated through the plant body, returns to the atmosphere as water vapour breathed out by the 
stomata of leaves. The amount of sunlight, the available moisture, extent of plant growth and all 
other factors influencing evaporation have a bearing on the transpiration rate. 

On lands that are partially covered with vegetation, the soil loses its moisture simultaneously 
through a process of evaporation from the land surface and through transpiration from the vegetation, 
It is often convenient and practical to estimate this total moisture loss together. This loss is known 
as evapotranspiration 

Actual evapotranspiration is to be distinguished from the potential evapotranspiration rate which 
is the rate achieved under condition of unlimited availability of moisture. 

On farmlands, the total moisture loss from the cropped land is termed as consumptive use of 
the crop and, forall practical purposes, is equal to the potential evapotranspiration rate of the land, 
(e) Interception 
It is the quantity of water that is intercepted by vegetation, buildings and other objects which 
subsequently evaporates without contributing to the runoff. 

(f) Detention Storage 

As the precipitation starts, some water begins to accumulate on the land surface. The overland flow 
contributing to the runoff is possible only when there is some finite depth of flow over the surface 

The volume of water corresponding to this depth is called detention storage. Subsequently, some of 
this is lost due to evaporation and infiltration, while the rest flows as delayed runoff. 

(@) Depression Storage 

This is the quantity of water retained in small and large depressions, filling them to their overflow 
level. This quantity is gradually lost due to evaporation or infiltrates into the ground without contributing 
to the surface runoff, 

It will be seen from the above definitions that interception and depression storage get reduced 
to zero over a period of time, cither on account of evaporation loss or infiltration loss, or both, As 
such, the above two factors do not have any contribution to make to the runoff. These, therefore, 
are not discussed, The most significant parameters in the hydrologic equation are precipitation, 
runoff, infiltration and evaporation, The first two are dealt with in detail in Chapters 3 and 4, 
respectively, while the latter two are detailed below. 


INFILTRATION 


As defined earlier, infiltration is the downward passage of water into the soil, Initially, when the soil 
is dry and rainfall occurs, some rain water is consumed in wetting the soil particles and the infiltration 
rate is high, As the rain continues, the capacity of soil to absorb the water goes on progressively 
decreasing. Thus, if a curve for infiltration rate versus time is drawn, it will be a falling curve as 
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shown in Fig, 2.3. This rate of absorption is different 
for different types of soil. Infiltration capacity of a soil 
is the potentially maximum rate at which water enters it 
under given conditions and with unlimited moisture 
availability. Infiltration rate is the actual rate at which 
‘water enters the soil during a storm. This rate is equal 
to the infiltration capacity of the soil or the rainfall rate 
Whichever is lesser. 

Infiltration capacity of a soil can be found 
experimentally by subjecting a small area of a sample 
plot to different artificially controlled rainfall rates and ‘Thea (al) — = 
measuring the consequent surface runoffs. By Fig.2.3. Infitration capacity curve. 
subtraction, the infiltration rate is determined. This is 
the principle on which rainfall simulator type of infltrometer works for determining the infiltration 
capacity of a soil, Some other types of infiltrometer are also in use. 

As mentioned earlier, out of the total abstractions, the losses due to infiltration and evaporation 
are the most significant. Since for heavy rainfall in a short spell the evaporation lass would be less, 
the determination of the loss due to infiltration would help estimate the runoff from the rainfall, as 
shown in Fig, 2.4, where in the shaded portion shows the resulting runoff from the total rainfall 
The infiltration can be estimated by 


i 
g 





(0) infiltation capacity curves and infiltration equations, 
(ii) infiltration indices. 
The infiltration capacity curve is shown in Fig. 2.3. Many equations for the infiltration capacity 
curve have been proposed. Horton’s equation, for example. is as follows 


fy=O- Je" +f 2.3() 
where J, is the infiltration capacity at any time / hours, mm/h 
is the initial infiltration capacity 


°/-is the final steady infiltration capacity, mm/h 
Kis a constant, h ! 


oA 1 Runott 














Infitration 
‘capacity 


Infiltration (crvh) 


to 


fe 


Time (hours) —= 


Fig. 2.4 Infiltration capacity curve and runatt, 
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Philip's equation is as follows: 





1 
-S8 +M 2.3(b) 
zat (2.3(b)) 


4 


where fy and f have the same meaning as above. 5 is the absorptivity of the soil having units of 
mm/h and M in mm/h is related to conductivity of soil in saturated state. 


Infiltration Index 


Infiltration index is the average rate of loss due to infiltration such that the volume of rainfall in 
excess of that rate would be equal to the direct runoff, There are three types of infiltration indices: 
() @-index 
Gi) Fyceragitdes (or F,,-index) 
(iit) W-index. 

Alll the three infiltration indices assume a constant average infiltration rate (a constant rate of 
basin recharge) during a storm, although in actual practice the infiltration rate varies with time as 
shown in Fig. 2.3. This is also due to varying states of wetness of the soil after the commencement 
of the rainfall, All the three indices mentioned above are more or less similar with only minor 
differences. The -index, which is widely used, is discussed below. 


®-Index 


@-index may be defined as the rate of rainfall above which the rainfall volume equals the runoff 
volume. Thus, -index is an average rate of infiltration derived from a time-intensity graph of 
rainfall in such a manner that the yolume of rainfall in excess of this rate will equal the volume of 
storm runoff. This is illustrated in Fig. 2.5 

It would be noticed that if for the same volume of rainfall, a hyetograph of different shape is 
drawn, then -index line also gets shifted (from y to y’) although the runoff obtained may be the 
same. This is shown in Fig. 2.6(a) and (b). 


Rainfall hyetograph 
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Fig.25 d-Indexmethod. 
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Fig.2.6 Shift of Index tino 


It may be seen, therefore, that one determination of the ¢-index does not give a correct value 
Many such determinations should be made and averaged, before the index can be used. Thus, 
determination of index for a catchment isa trial-and-error procedure. Infiltration index is generally 
used for calculating storm runoffs and flood hydrographs as explained in Chapter 4. 


EVAPORATION 


As stated carlior, evaporation is the process of conversion of water from liquid or solid state into the 
gaseous state (vapour form) and its diffusion into the atmosphere, Evaporation is a function of 
solar radiation, ambient temperature, relative humidity, wind velocity, salinity of water, and surface 
area, Higher temperature and higher wind velocity tend to increase the evaporation rate, while 
greater humidity and dissolved salts tend to decrease it. Similarly, larger the open surface area, 
greater is the evaporation. 

Evaporation may occur from the bodies of water as well as the soil, Solar energy is the chief 
factor for initiating this process and maintaining it, As water evaporates from the surface of a lake 
or sea, the vapours so generated rise above the surface. The vapour pressure in the layer of air just 
above the surface of water is less than that in the water surface itself, creating a difference of 
vapour pressures 

Thus, the mechanism of evaporation starts due to the establishment of a vapour pressure 
gradient between the surface of water and the atmosphere (layer of overlying air). The blowing 
wind or thermal currents may sweep away the vapours so formed and cause further evaporation 
continuing this phenomenon. When the air is calm due to blanket-effect of saturated air. the vapour- 
pressure difference becomes very small, thereby limiting the evaporation rate, 


Measurement of Evaporation 


Analytically, itis possible to estimate evaporation by balancing the total energy flux coming in from 
the atmosphere and that received by the water mass, Due care is taken of the heat Mux reflected and 
the back radiation. This approach can be put in the form of an equation that indicates that the ratio 
of the part of total available heat not stored in or going from the water mass by other means to the 
latent heat of vaporization gives the volume of evaporation, Some empirical formulae are also 
available which have been derived with due consideration to the atmospheric elements. One very 
popular formula, for example, is the Lake Hefner formula, which is: 

E = 0,000068 (e, ~ ¢,) Vy (24) 


and E = 0.000054 (e, ~ eg) Ve 
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where Eis the lake evaporation in cm/da 
€ is the vapour pressure in gm/em 
Vis the wind velocity in km/h, 

‘The numerical subscripts denote height above the surface in metres at which ‘e” is to be 
‘measured, and the subscript ‘s* denotes water surface value of ‘e”. The evaporation rate would be 
directly proportional to the gradient in vapour pressure. 

The direct method for measuring the quantity or Volume of evaporation, however, consists of 
observing the loss of water through the process of evaporation from the standard containers 
‘known as evaporation pans. There is a variation of design of the evaporation pans, however, some 
of the most commonly employed pans are as follows: 








1, Land pans 
2. Colorado sunken pans 
3. Floating pans 


The evaporation pans are generally made of galvanized iron or copper (usually painted) and 
have a specific design. The pans can either be located on land or they can be kept floating in water, 
‘They may be installed above ground surface or they may be partially buried below the ground level. 
The above three pans are representative of these three categories. 

As the name suggests, /and pans 
are set up on the surface of the land, 
cor slightly above the ground on a 
support. The United States National 
Weather Service (NWS) class-A land 
pan made of galvanized iron, is 4 N. 
(1.22 m) in diameter and 10" (25.4 
‘em) in depth, and installed 6” (15 em) 
above the ground surface on a 
wooden frame. Water is filled in the 
pan up to a depth of 8” (20.cm). Any 
loss due to evaporation is indicated 
by the reduction in the level of water 





(a) US class-A evaporation pan 




































































‘which is measured daily with the help 12206 
of a hook gauge. The annual pan enone see 
coefficient adopted for this pan is 0.7, Wiremeab __Silingwell__Thermameter 
although the seasonal variation can be {2et_ Fhedpoitomae\ 1024 \| 
between 0,6 and 0.8, T 1 

The India Meteorological Copper sheet 10 Lowe [pan 
Departmenthasadopteda pan similar 25 theiess 09 ‘, T | 
to the US pan. It is made of 0.9 mm fe ES st = ie 
copper sheet, is cylindrical in shape? Af = | S 
‘with 1.22 m dia and 25,5 cm depth. “ae ee con [-2008 | 
Itis mounted on a 10 cm high, 1.22 faa 


snaigne yodder support. Tearing () Indian Standard land pan 


water up to 6.5 cm below the rim, Fig.2.7 Land pans. 
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ic, up to a depth of 19 em. The loss of Water ava 
water due to cvaporation is measured by sain 
making the water level up to the point of a | =A \ 











fixed point gauge every day through the 
addition of water through an acrylic 
measuring cylinder specially made for the 
purpose, Figure 2.7(a) shows US Class A | 
land pan protected by wire mesh and 




















Fig. 2.7(b) shows Bureau of Indian /-——— » —___| 
Standards (BIS) land pan, For details, refer (Dimensions in mm) 
to IS: 5973-1998, Fig.2.8 Design of sunken pan. 


Colorado sunken pan is a3 N. (92cm) 

square pan, 1.5 fl. (46 em) to 3 ft. (92 cm) deep and is fixed on the ground in such a way that only 
2” (5 cm) height of the pan is seen above the ground surface and thus, the water surface elevation 
is more or less equal to that of the ground, The evaporation is measured by a point gauge. 
Figure 2.8 shows a sketch of sunken pan. Another, internationally used pan (evaporimeter) is the 
one developed in the erstwhile USSR. It is called GGI-3000 pan, 

Floating pan isa 31. (92 em) square and 1.5 N. (46 cm) deep pan mounted on a rafi floating 
in water. Evaporation is calculated by refilling the volume of water lost due to evaporation and thus 
bringing the level of water up to the original mark, The volume so replaced is measured by a special 
cup having a volume equal to 0.01" (0,25 mm) of depth over the area of the pan (ie,, area of pan 
multiplied by 0.25 mm). Figure 2.9 shows a floating pan. 








Fig.2.9 Floating pan, 


The Pan Coefficient 
Evaporation pans are installed in the vicinity of large bodies of water, such as lakes, in order to find 
the quantity of water evaporated from them. Although, the conditions of exposure are intended to 
be more or less similar to those of the lakes, they are not completely simulated. For example, the 
small mass of water in the metallic pan being confined, is greatly affected by temperature fluctuations 
inthe air or by solar radiation, in contrast with the large bodies of water experiencing little temperature 
Auctuations 
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Thus, the amount of evaporation as measured by the pans has to be correlated to the evaporation 
from the lakes by applying a certain coefficient. This is known as the pan coefficient and is equal to 
the ratio of lake evaporation and pan evaporation. 


Lake evaporation 


Pan coefficient, k= 
Pan evaporation 


Therefore, Lake evaporation = & Pan evaporation 


This coefficient has a different value for each type of pan. For example, the average value of 
the coefficient of USWB land pan is 0.7 (in the range of 0.6 to 0,82), while that of Colorado sunken 
pan is 0.78 (in the range of 0.57 to 0.86) and for the floating pan (adopted for obtaining the 
reservoir evaporation) is 0,80 (in the range of 0.70 to 0,82), The wire mesh screen on the pan not 
only protects the water surface from leaves and birds’ droppings but also improves the value of 
‘occasionally, reaching close to 1, An example at the end of the chapter illustrates the use of pan 
coefficient for obtaining lake evaporation losses, 

Although, evaporation pans are the most commonly used equipment, other instruments employed 
for direct measurement of evaporation are evaporimeters and atmometers. Piche evaporimeters 
and H Wild and porous cup atmometers are the common ones. However. the use of evaporimeters 
and atmometers is restricted only to the measurement of microscopic volumes of water evaporated 
as compared to the huge quantities with which a hydrologist is concerned. 


Automated Weather Monitoring Stations 


With reliable and accurate logging of weather parameters becoming increasingly important for 
various purposes, including efficient resources management, ecology conservation, disaster 
preparedness, etc., automated weather monitoring stations are set up these days. Instruments 
installed at such stations collect data on weather parameters like wind speed and direction, wet- and 
dry-bulb temperatures, atmospheric pressure, rainfall, solar radiation, relative humidity, evaporation, 
lc, These stations have microprocessor-based instruments that log the data in a format convenient 
for interpretation and on-line use. A logger scans all selected channels every two seconds and 
Aigitizes the parameter values, A personal computer can generate required comprehensive reports 
on the basis of data collected and analyzed by the station. 





STREAMS AND STREAM FLOW 


Bulk of hydropower is generated from rivers. Only a very small percentage comes from irrigation 
canals or from tides. Our main concer is, therefore, about the stream flow and its power producing 
potential, World's mightiest river, Amazon has an annual flow volume of about 6300 billion m* 
River Ganga is comparatively smaller with only 493 billion m* per year on an average. Yet, these 
two are not the maximum power-producing rivers. There may be other constraints such as non- 
availability of reservoir sites, adequate heads etc, But on the whole, the flow rate is the most 
important factor in hydro-power development, 

In planning a water resources project, we need to have a variety of hydrological information 
regarding the river basin for which the project is planned. We have to determine if the storage of 
water in the form of reservoir created by building a dam is necessary, and if yes, then how much 
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storage capacity must be provided, We must also know the lowest dependable flow on one extreme 
and the highest flood likely in the river on the other. The former helps in designing various components 
for a proper degree of utilization, while the latter gives us information on the strength the structures 
will have to stand, Evaporation from rivers, lakes and reservoirs, in effect, means loss of water 
from the utilization point of view. Hence, we ought to be able to determine the yearly magnitude of 
this loss. Sometimes, wet or dry spells of weather persist for long, We must develop methods to 
anticipate such sequences and their probability reasonably so that they can be considered in the 
design, Ithas to be remembered that ll these processes of Nature are not deterministic but probabilistic 
with deviations from mean values, 
‘The nature of enquiry is, therefore, three-pronged, namely, to determine 
(@) Mean values and standard deviation. 
(ii) Extreme values, and 
(iii) Historical and chronological sequence of the response (time-wise) of a hydrological system 
to some particular excitation (input), 

Mean values may be monthly, seasonal, annual or other long-term time averages of various 
factors, such as precipitation, stream flow. evaporation, and groundwater level, These factors are 
themselves the spatial average of the climatologically, geologically and topographically heterogeneous 
geographical areas, Greater standard deviation means greater variation of the individual values from 
the mean value. 

Extreme values are the maximum or minimum values of precipitation, stream flow, river stage, 
groundwater level, cic. The knowledge of such values is of great importance in determining the size 
and clevation of spillways, reservoir volumes, levels and flood wall heights, navigability of the 
channels and consequently, in determining the economical size of the project. 





STATISTICAL NATURE OF HYDROLOGY 


The precipitation or runoff data collected after a definite time interval for a reasonably long period 
formsa time series, The hydrologic variables are stochastic in nature, ie,,they are chance variables, 
the value of which is determined by a probability function, The number of occurrences of a variate 
is called frequency. If we plot the number of occurrences or the frequency on y-axis against the 
Variate on x-axis, we get a pattern of distribution known as frequency distribution, as shown in 
Fig, 2.10(a). If the number of occurrences of a discreet variate is divided by the total number of 
‘occurrences, we get the probability p of the variate. The distribution of probabilities (total for all 
being 1) of all variates is called probability (instead of frequency) distribution as clear from the 
figure. Probability that the random variable has a value equal to or less than certain assigned value. 

say x, is called cumulative probability of a variate, This is written as P(Y'< x), Figure 2.10(b) 
shows the cumulative probability curve as plotted on rectangular coordinates and Fig, 2.10(c) on a 
probability paper. The probability of X equaling or exceeding x is, therefore, I P(X < x) which 
may also be written as P(X 2 x). 

It is convenient to treat these data as statistical data series which could be used to find the 
mean, the standard deviation and the coefficient of variation. Ordinary statistical methods can be 
used to extrapolate these data to find the quantity of precipitation or runoff for any given frequency 
But an immediate question that arises is whether the future runoff will have the same sequence as 
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(@) Frequency or probability distribution curve 
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(©) Cumulative probability distribution 
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(©) Cumulative probability distribution on probability paper 
Fig. 2.10 


the observed one? Does the hydrologic series show a definite repetitive pattern? The answer is of 
course ‘no’, Then, if a different sequence of flows is possible, how are we sure that our design 
would be equally suitable for the new sequence also? The only way to solve this problem is to base 
the design not only on the analysis ofa single historically observed sequence but a number of such 
sequences which can possibly occur for the river, Ata first glance it looks as if it is impossible to 
anticipate the exact sequence which will occur during the lifetime of the project. While this is true, 
itis also equally true that ifthe design is finalized after studying numerous sequences in addition to 
the historical sequence, the promise ofthe design fulfilling the expectations is much greater, Stochastic 
hydrology concems itself with the problem of generating hypothetical hydrologic data sequences 
For this purpose, certain properties of the historically observed data are taken as the starting point 
and a mathematical mode! is built up to help generation of synthetic data series. The stochastic 
nature of the hydrologic variable is retained by incorporating in the model a chance or random 
component, Interest in stochastic hydrology has grown mainly in the last fifty years 
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As an example of stochastic mathematical model, consider the following very popular equation: 
X= pX,, +6 (2.5) 
This is called the first-order linear regression model and is credited to Markoy, Here, X and ¢ 
represent the variable (Such as runoff) and time, respectively. X, therefore means runoff at time f, 
pis the serial correlation coefficient of the available data and & is a random component with zero 
mean and unit variance, the value of which can be obtained from a random numbers table. This 
equation can be used to generate flow sequences, all of which could be used to check the adequacy 
of the design. Such a procedure tends to generate confidence about the design making stochastic 
hydrology an effective supplementary tool for hy drologists 


ILLUSTRATIVE EXAMPLES 





Example 2.1 


In order to estimate the monthly evaporation loss from a small reservoir, daily observations were 
taken and it was observed that the monthly value of pan evaporation for the month of the May 
was 15 em, The reservoir area on Ist May was 2 sq. km and it reduced to 1.6 sq, km by the end 
of May, Find out the volume of evaporation if a class-A land pan was used for observations 


Solution: 





Volume of evaporation p= f(4ysndt 

r 

Where / is the depth of evaporation during time interval di and A, is the surface area of the 
reservoir during the time interval. Integration of the above equation yields the total volume of 
evaporation in time 7. More approximately, 


Vp= Aah 


where 4, is the average area and fr, is the total depth of evaporation over the reservoir during 
time 7' (Which in this case is one month), 


Now, by cone formula, 





= 13 (A, +A, + 





and ty = Kay) 
where K is the pan coelficient and /,,, is the depth reeorded by the evaporation pan 


_Kh 


Ets + (AA) 


Assuming a value of K= 0.7 and other values being giver 


12019) 90 41,64 (2TRT@ 8? 


=0.1886 « 10°m* 


Thus, 
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Example 2.2 
Shown in Fig, 2.11 is the infiltration capacity curve for a catchment having the inital infiltration 
capacity of 2.0 em/h, which assumes almost a constant value of 0.5 en/h after 8 hours of rainfall, 
Estimate the total infiltration, if the Horton's constant, &, is equal to 5 per day 





Infitration rate (env) 





02 4 6 8 
’+——__ r ——+ 
Time (hours) —> 


Fig. 2.11 








Horton's equation for the infiltration capacity curve is given by 
=f+ pet 
LSA Gf) 


Here, f, = 2 em/h, f,=0.5 em/h and k= 5 per 24 hours = 5/24 = 0.208 per hour. Now, the total 
infiltration is given by the area under the infiltration capacity curve for S-hour period, 





r 
‘Thus, Fy= [fpdt= Jet o- fre ae 





- (KT=0.208 » 8= 1.67 approx.) 





‘Therefore, 





- osx (2 





=9.85em 
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Questions 





What is meant by hydrologic cycle? How can the parameters of the eyele be written in an equation 
form? 

‘What are infiltration indices? The rainfall pattern being given how will you determine the total runoft 
from a basin? 

‘Figure 2.12 shows the rainfall hyetograph for a catchment, If the @-index is 2.8 env, calculate the 
runoff Ordinates of the hyetograph are as below 





Time period in hours | 0-2 | 24 | 46 | 68 | 810 | 10-12] 12-14] 1416 























Height, em ss_| 35 | wo | so | 30 | oo | so | 35 
(Hint: Calculate the shaded area shown in Fig, 2.12.) 
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Fig. 2.12 


Calculate the initia infiltration rate f, forthe following data 
f= |2emh, 
Time in hours =15 
K 
‘Total infiltration, 
(Note; 7 is negligible when A’ is relatively large, as in this ease) (Ans, 3.33 em/h) 
Define evaporation. How would you determine the quantity of monthly evaporation from a reservoie? 
‘What is the significance of pan coefficient? A class-A land pan was used to determine the yearly 
evaporation from a nearby lake of 2.8 sq. km area, The month-wise record obiained from the pan was 
as follows 

















Month Evaporation (em) 
January 12 
February 126 
March 1d 
April rm 
May 15.8 
June 164 
July 132 
August 105 
September 12 
October 123 
November 132 
December em 
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Afier a period of one year, the area of the lake was measured as 2.55 sq. km. Calculate the total 
quantity of water evaporated in one year. Assume K'to be 0.7 for the year, (Ans. 2.95110 m?) 
It was required to determine the runoff from a catchment of average area 1.5 sq km, over which 10 em 
of rainfall had occurred during the past 24 hours. An infiltration eapacity curve of empirical constant 
K=45 hr prepared for the purpose, indicated that the infiltration capacity beginning with a value of 
9; mm/h attained a value of 3 mm/h after 15 hours of rainfall. A standard floating pan (K’= 0.7) installed 
in the catchment indicated a decrease of 6 mm in the water level during 24 hours of its operation. The 
other losses Were found to be insignificant. (Ans. 32,760 m°) 
































Precipitation 





Although precipitation includes rainfall, snow fall, mist, sleet, hail, dew. frostetc., the main contributing 
factor for the rmoff is the rainfall. This is tue particularly for Indian conditions, where except in 
the Himalayan region, snowfall is rare. A brief description of the rainfall characteristics, its 
‘measurement and its interpretation is given below 


OCCURRENCE AND CAUSES OF PRECIPITATION 


The water vapours released from the ground surface in the process of evaporation go to the 
atmosphere and saturate the air mass. These vapours exert their own pressure in the atmosphere 
The saturation vapour pressure is directly proportional to the temperature. ‘This means that hot 
clouds are able to hold more water vapour as compared to the cold ones, Conversely, when the air 
is saturated with water vapour al any temperature, a reduction in temperature will bring about 
condensation of excess vapour, This implies that for precipitation to occur, cooling of the vapour 
bearing air mass is a necessary condition. Besides this broad requirement, the actual formation of a 
rain drop needs a small nucleus around which the vapour condenses. 

The temperature of the atmosphere drops adiabatically (without gain or loss of heat, to or from 
the ait) at higher altitude, Ithas been observed that the temperature in the atmosphere falls approximately 
at the rate of 6.5°C/km in the troposphere which extends for about 10-12 km height from the 
ground. Moreover, there is a reduction of pressure with altitude and, consequently. the air mass 
expands. On account of the expansion process, the heat energy is transformed into work and the 
temperature is lowered adiabatically. This again implies that the saturated air mass should be lifted 
to the zone of progressively lower temperatures in some way so that cooling takes place. 

Thus, for the precipitation to occur, the two necessary conditions are that the air mass should 
haye enough water vapour and, secondly. this air mass should be lified so that it gets cooled and 
thus supersaturated. The air mass may get lifted duc to the following reasons 








(i) Thermal convection 
(i) Cyclones: 
(iii) Orographic influences due to rugged terrains or mountains 
(iv) Frontal meeting between cold and warm air masses, and 
(0) Radiative cooling, 
Condensation also occurs when the warmer moist air in the course of rising up (being lighter) 
‘meets the colder air in denser surroundings, The precipitation caused due to this process is called 
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convective precipitation, The reason for the difference of temperatures of the air may be on 
account of its unequal heating at the surface or unequal cooling at the top layer. Such rains may be 
associated with the development of thunderstorm clouds delivering sharp rains in short time periods 
‘These are also known as cloud burst. Thus, the convectional rainfall is relatively local in character. 

Due to the formation of low pressure areas in the atmosphere, the surrounding air tends to 
converge into them, and in doing so it displaces the low pressure air upwards causing it to cool and 
shed its moisture content. Such a precipitation is called cyclonic precipitation, 

The rugged hilly terrains or mountains lif the low floating moist air mass upwards orographically 
into the cold stratum in the atmosphere where the air mass cools due to adiabatic expansion at arate 
of about 10°C per km until saturation, The resulting precipitation, called orographic precipitation, 
causes heavy downpour. Such a phenomenon is seen along the west coast of Canada. 

When a warm and relatively light air mass (usually moist) comes in contact with a cold and 
relatively heavy air mass (usually dry), the warm air gets displaced upwards. The interface of the 
‘two air masses is called a front and the precipitation resulting due to expansion and saturation is 
called frontal precipitation, Frontal precipitation can also result from other types of interactions of 
air masses at the frontal surface. This takes place at mid-latitudes where the cyclones are formed 
along the polar front and near the equator when the trade winds mect at the intertropical convergence 
zone. 

When the ground and the overlying air receives no solar insolation energy (as during nights), 
the surface of the earth starts losing energy in the form of long wave radiation, causing the ground 
and the air above it to cool by radiative cooling, The resulting clouds take the form of surface fog 
Such a development is called radiative precipitation. 

Alll these causes are ofien the combined cause and do not necessarily happen independent of 
each other. Thus, it is sometimes difficult to pinpoint a particular cause for the precipitation. The 
rainfall in India and its neighbouring countries is due to monsoon winds. which flow from the sea 
to the landmass during monsoon, The seasonal rainfall isa typical feature of the Indian subcontinent, 








MEASUREMENT OF RAINFALL 


Rainfall can be measured by the following devices 
1, Rain gauges. 2. Radar observations, 3. Satellite observations. 


1. Ri 





Gauges 


More common of the three are rain gauges, ‘These may be categorized as follows: 

(a) Non-recording type rain gauges. 

(b) Recording type rain gauges 

(c) Automatic radio-reporting rain gauges. 

The recording type rain gauges are also automatic which record cumulative rainfall continuously 
with time in the form of a chart, The non-recording type rain gauges are observed manually and 
give the total amount of rainfall at the rain gauge station during the measuring interval. 

(a) Non-Recording Type Rain Gauge 

In India, the regular Symon’s gauge was used earlier at the rain gauge station. It has now been 
adapted and standardized by India Meteorological Department under IS: 3225-1992. Figures 3.1(a) 
and 3.1(b) show the Symon’s rain gauge and IMD rain gauge, respectively. The rainfall collected in 
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Fig. 3.1(a) | Symon's rain gauge, 
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Fig.3.1(b) IMD rain gauge (Capacity: 1000 mm) 


the bottle is measured daily once or twice at definite time using a special measuring cylinder. The 
measuring capacity of the IMD rain gauge shown in Fig. 3.1(b) is 1000 mm. 
(b) Recording Type Rain Gauges 
‘The self-recording or the automatic rain gauges may be broadly classified as: 
() Tipping bucket rain gauge, 
(ii) Weighing type rain gauge, and 
(iii) Float type rain gauge. 


() Npping Bucket Rain Gauge 

This consists of a cylindrical receiver of 30 cm diameter at the bottom of which is attached a 
funnel, Just below the funnel, a pair of small tipping buckets is pivoted such that when any bucket 
receives a rainfall of 0.25 mm, it tips and empties its water into the tank, The other bucket then 
takes its place and the similar procedure is repeated. The movement of the buckets actuates an 
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Fig. 3.2 Tipping bucket rain gauge. 


electric circuit which causes a pen to move on a clock-driven revolving drum with a graph sheet 
\wrapped on it, It records the intensity of rainfall, The arrangement is shown in Fig. 3.2. 

(id) Weighing Type Rain Gauge 

As the name suggests, this type of rain gauge operates when a certain weight of rainfall precipitates 
ona bucket connected with a spring-lever balance arrangement, The total weight of the bucket and 
the connecting assembly. along with that of the collected rainfall, actuates a pen attached with a 
pinion assembly. The movement of the pen, which is proportional to the total weight of rainfall 
received, is recorded on a chart wrapped round a clock-driven drum, This plots the curve representing 
total rainfall with respect to time. This has been described later under “Graphical Representation of 
Rainfall’. The recording mechanism is shown schematically in Fig. 3.3. 
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Fig.3.3 Weighing type rain gauge. 





(iti) Float, or Siphon, Type Rain Gauge 
‘The Bureau of Indian Standards and the India Meteorological Department have adopted a standardized 
float type automatic (IS:5235-1992) rain gauge, Figure 3.4 shows the details of such a gauge. The 
collector receives the rainfall and delivers itto the float chamber. As the water level rises, the float 
also rises and the pen mounted on the float rod moves up. The pen makes a continuous mark on the 
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Fig.3.4 Recording rain gauge—siphon type (capacity: 10 mm). 
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graph paper mounted on the clock-work drum. There is a siphonic arrangement to empty the float 
chamber once it gets full, If there is no rain, the pen would trace a horizontal line and during rain, it 
traces an upward inclined (rising) line, The mechanism running the clock needs weekly rewinding, 
‘The graph paper also needs periodic replacement. 

(c) Automatic Weather Station 

Inremote and inaccessible mountainous areas where normally itis not possible to collect the rainfall 
data manually, the weather station uses an automatic radio reporting rain gauge, 

‘One such radio-reporting rain gauge has been developed by the India Meteorological Department 
at Pune (India). A few such ganges installed at somewhat difficult terrain (like in Gangtok, Sikkim) 
in India are reported to be working satisfactorily, Such gauges use the technique of telemetry and 
are deployed in what is known as ‘real time system’. In areal time system, the hydro-metcorological 
data input (such as runoff, rainfall etc.) is collected through remote sensors as above, transmitted 
and used almost simultaneously in a computer system for flood forecasting or reservoir operation. 

In the tipping bucket arrangement, when the rain falls over the buckets through a receiving 
funnel, the buckets tip and give out electric pulses equal in number to the millimetres of rainfall 
collected in the gauge, which information is stored by a data register. A coding unit converts the 
data into coded messages that are impressed on a transmitter during broadcast. A programme clock 
switches the coding and programming units along with the radio transmitter. The rainfall data and 


48 | Ware Power Exonenrnc 





1 
Data store (Solid stat memory) 


































































































Sensor 
on 
Bastape 
bata str capo) |_| Tape |_| Dacia 
Power ray = 
ly 
Tost |_| [Teams aaa 
inetaco F] tosser | | a 
nl = bad 1 baal display unit 
Ftd staton as san 


Fig.3.5 Elements of automatic weather station. 


the total rainfall measured at the station are transmitted in codes. At the receiving station, these 
coded signals are picked up by a UHF receiver, The block diagram of an automatic weather station 
is given in Fig. 3.5, 

Measurement of Snowpack, Snowfall and Snowmelt-Runoff 

Many rivers of the world originate in the snow-capped mountains, and get seasonally replenished in 
their runoff due to the summer snowmelt, All the Himalayan rivers in India have this advantage. 
Though the total yearly runoff due to snowmelt in India may not be very large as compared to that 
due to rainfall, it has a distinct significance as it takes place in summer months when the rainfall rate 
is probably atits lowest and the reservoir storage is at the maximum drawdown level. Water level in 
the snow-fed rivers and in their reservoirs starts rising as the runoff due to snow-melt starts 
contributing during the summer. Correct assessment of snowmelt is, therefore, an important aspect 
of the hydrology of snow-fed rivers. 
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Fig. 3.6 Indian standard snow gauge (capacity: 500 om). 
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Figure 3.6 showsa snow gauge adopted by the India Meteorological Department for measuring 
freshly falling snow (IS:6806). Two interesting features of such a gauge are the wind-shield to 
protect the drift of light snow flakes, and its elevated stand to keep the collector from getting 
submerged in the surroundings, Besides this, fixed graduated stakes are used to measure the depth 
of the snow periodically. In recent years, nuclear gauges have also been used. 

The amount of snow is also measured by ‘snow pressure pillows’, A typical snow pressure 
pillow is made of neoprene rubber, sheet metal. or stainless stee! in thin circular shape of 1.83 10 3.6 
m diameter, or in rectangular shape (1.22 m = 1,52.m), The pillow is filled with methy! alcohol and 
kept in the open, The weight of the snow falling on the pillow increases the internal pressure of the 
pillow Muid, which is measured by a pressure transducer. Through proper calibration, the pressure 
is converted to the depth of snowfall, 

Remote sensing from weather satellites has now become an important tool in measuring the 
snowfall. The satellite data facilitates quantitative estimation of not only the depth of the snow- 
pack, but its areal extent and other relevant metcorological factors through a process of constant 
‘monitoring. 

Hydrology of snow becomes complicated as it involves a phase change from snow to water, 
‘The depth, area, density and reflectivity of snow vary greatly with place and time, and so does the 
solar radiation. For instance, the density of the fresh snow is around 0.1, but it increases as the 
snow becomes old and gets compacted. 

For hydrologic purposes, the water equivalent of snow is the most relevant factor. This is 
givenby 








=n Pe GB.l@) 
Py 

where /,, isthe equivalent depth of water, is the mean snow depth measured, p, is the density of 

snow and p, is the density of water. Since melting is also a function of heat transfer, an equation of 

the following type could also be written for the depth of snowmelt, h,, using degree-day factor as 

follows 





h, ~ ay Gib) 


where h,, is measured in em/day. a is called the degree-day factor (a= 1.15 approx., its units of 
measurement are em/day/°C) and T, is the average of the positive temperatures observed during 
the period, which is usually a 24-hour period. The amount of heat in terms of persistence of 
temperature of one degree centigrade departure from a reference temperature over a 24-hour 
period is expressed as a degree-day unit, The daily snowmelt is related to the temperature index 
(most commonly the mean daily temperature) as follows: 





A, = aT, ~ T,) G1) 





where 7, is the index air temperature or daily mean temperature in °C and 7, 
(usually measured in °C) 

One of the degree-day empirical models to compute the quantity of snowmelt is the Snow 
Runoff Model (SRM) (developed by Martinec in 1975) that uses the percentage of the snow 
covered area of the basin or elevation zone as primary input to simulate daily stream flow. The 
model requires periodic data of snow cover area and daily temperature and precipitation as input 


the base temperature 
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For each day, the water produced from the snowmelt is computed and superimposed to yield the 
total basin discharge according to the following equation. 


Oy 1 6,4 (Ty +AT,)Sy + 6,P, ALO 
* 86.400 


where Q,, .; is the average daily discharge in m/s; c is the runoff coefficient (with c, referring to 
snowmelt and c, to rain); A7'is the adjustment by temperature lapse rate in °C.d: Sis the ratio of the 
snow covered area to the total area, and P is the precipitation contributing to runoff in cm. The 
symbols are T,,,. for threshold temperature; 4 for basin area. (km); 10,000/86,400 is the conversion 
factor from cm km?d™ to m's~; £ is the recession coefficient indicating decline of discharge in 
a period without snowmelt or rainfall = Q,, , ,/Q,; and n is the sequence of days during the 
discharge computation period. 

Eventually, the snowmelt gets converted into runoff. This runoff can be determined through a 
procedure of establishing an input-output functional relation for the snowmelt and the runoff for 
the basin, Modern methods of mathematical modelling and computerization have also helped in 
deriving the runoff by incorporating all the variables involved in the snow hydrology 

The estimates for runoff go haywire if snow avalanches or glacicr flows also factor in, Runoff 
forecasts during the snowmelt season can be used to plan for the hydro-power generation. Importance 
of snow hydrology is immense for rivers like Colombia (upper basin), USA, where the snowmelt 
accounts for nearly 65-70% of the annual runoff. In India, snowmelt forecasts are made for same 
reservoirs including Bhakra dam, which are helpful in planning for water to generate power. In the 
river Ganga, snowmelt assessment is relevant for runoff-river plants, as also for flushing down the 
sediment due to sea tides, 
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2. Radar Observations 


Application of radars in the study of storm mechanics, in determining the areal extent, and in the 
assessment of orientation and movement of rainstorm is of great importance. Radar signals reflected 
by the rain are helpful in determining the magnitude of storm precipitation and its areal distribution. 
‘The range of the radar is of the order of 50-60 km 
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Fig.8.7(a) Elementary weather radar circuit; (b) Plan position indicator. 


Figure 3.7(a) diagrammatically outlines the procedure of operation of the radar system. As can 
be seen in the diagram, impulses of radio energy are generated by a transmitter, which are radiated 
by a narrow beam antenna. Echoes of the impulses from targets (clouds, etc.) in the range of the 








‘beam are intercepted by the same antenna and detected by a receiver which also amplifies them and 
transforms the received signals into a video form. This appears on a plan-position indicator consisting 
‘ofa cathode-ray tube on which the received signals are shown in polar coordinates. If there is no 
target, the screen is dimly illuminated, whereas a small target appears as a bright point. When there 
is an extended target such as a rain shower, a bright patch appears on the screen [see Fig. 3.7(b)]. 
Since the screen is divided into the coordinate system, the position of the target can be known, The 
India Meteorological Department has a well-established radar network for the detection of 
thunderstorms, besides a cyclone-waming radar at Visakhapatnam, The typical storms are studied 
\ith the aid of manual as well as photographic integration techniques. Manual techniques involve 
periodically tracing the echo positions on transparent radar-scope overlays which have river basin 
boundaries already marked on them. On the basis of the strength of the echo, like very strong, 
strong, moderate or weak, quantitative assessment can be made, The photographic method envisages 
series of exposures of the radar-scope on the same film at given intervals for a particular duration 
of time. 

S-band radars also help to analyse the rainfall quantitatively for the inaccessible areas. These 
are useful for forecasting floods. 





3. Satellite Observations 


Use of weather satellites in the assessment of precipitation has now become a common feature of 
hydrometeorology. Large convective storms or frontal storm regions can now be easily identified 
using remote sensing techniques and the satellite imagery. These storms are correlated with ground- 
based precipitation measurements with excellent results. Starting from TIROS- to the Landsat 
series, weather satellites have yielded a great deal of information about terrestrial weather and 
precipitation 


INTERPRETATION OF RAIN-GAUGE DATA 


Data of rainfall at a particular point where the gauge is installed is recorded for prolonged periods 
and is then used for further analysis. In order to make quantitative estimation from the data, we 
need to take the initial step of processing the available data. With this step, one can find statistically 
meaningful quantities such as the mean monthly values of rainfall or mean yearly values and standard 
deviations from mean values. These may be termed as point values, In order to find the average 
value of rainfall over the catchment area, point values are converted to areal values. The usual 
practice, therefore, is to install a number of rain gauges distributed over the catchment area, The 
number may be approximately one rain gauge for about 150-250 sq. km area. The optimum 
number of gauges would depend upon the spatial variability of rainfall as well the desired level of 
accuracy. Such a network of rain gauges can be designed by using well-developed statistical 
techniques, 
‘Thus, for a given area, a number of point values (averages) are available. 
The following methods are usually employed for determining the mean precipitation over an 
area if the average values for various rain gauges in the area are known: 
(i) Arithmetic mean method, 
(i) Thiessen polygon method, and 
(iit) Isobyetal method. 
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1. Arithmetic Mean Method 
In this method the mean areal depth of rainfall is computed by a simple arithmetic mean of the 
precipitation occurring at cach station in the area. Thus, if P,, Py Ps... P,, are the average values 
of precipitation given by the stations 1, 2, 3. ..., 2 respectively (see Fig, 3.8(a)), then the average 
precipitation over the area is given as 
x? 
LAtA+Rt.tP, 4 
n n 

‘The implicit assumption here is that cither the stations are representatively distributed over the 
entire area or the rainfall variation is small, These assumptions very often do not hold good and 
thus, the method is not used these days, 





(3.2) 


2. Thiessen Polygon Method 


This method implies that the precipitation value at rain-gauge station can be presumed to indicate 
the representative of rainfall on a surrounding area, An arbitrarily constructed polygon is assumed 
to give this area for which the rain-gauge station gives the representative value, 

The construction procedure of the poly gon as proposed by Thiessen is as follows. The entire area of 
the basin is divided in the form of tangles by joining the adjacent stations by straight lines. Perpendicular 
bisectors of cach straight lin are then drawn thus, developing a series of polygons, cach one of which 
encloses a rain-gauge station, which is representative of that particular area, See Fig. 3.8(b). 





(a) (b) 
Fig. 3.8(a) Average point values; (b) Thiessen polygon method. 


IP, Py Ps, .. , P,, represent the rainfall records at the stations enclosed by polygons, the 
areas of which are respectively A,, 4 » then the mean precipitation P for the entire area 
A of the basin is given by 

p= ABA AP + APS + ot AgPy 
At Apt Att A, 








(33a) 
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A_, Aa As. , etc., are termed as weightage factors for the corresponding rain- 
zA yA A 
gauge and in this method these weightages are constant for different storms, 

‘The Thiessen polygon method is better than the arithmetic mean method because it gives each 
rain-gauge station a weightage according to its position with respect to the boundary of the basin 
under consideration, Thus, the stations within or very near the basin automatically have more 
weightage than those near but outside the basin, ‘The Thiessen polygon method is used for 
comparatively plain and moderate sized basins, say up to 5000 sq. km, If fewer rain gauges are 
used than recommended for a particular area in a basin, the Thiessen polygon method would be 
‘more suitable than isohyetal method. 





Here, 





3. Isohyetal Method 


In the isohyetal method itis presumed that the precipitation in an area between the isohy etal lines 
(the contours of equal rainfall), is equal to the mean of precipitation at the isohyctal lines, For 
estimating the mean precipitation, the points of equal rainfall are joined to construct the isohyets of 
Various magnitudes. The area between the two successive isohyets is measured with the help of a 
planimeter and the mean of the rainfalls on the two adjacent isohyets is assumed to be occurring on 
the enclosed area, Thus, if ?, is the mean of precipitations represented by the two successive 
isohyets of magnitudes P, and P, and the area between the two isohyets is 4, and Py, is the mean 





of precipitations P, and P,, the area between the isobyets of P, and P, being A, and so on, then 
the mean precipitation over the entire arca is given as 
A,X Pa + Ay + Pyy ++ Ay X Prag 
pon foknin, 3.3(b)) 


A+ Ay +. 4, 


For boundary areas suitably extrapolated values may be assumed. 
Thus, for area A, in Fig. 3.9, we may assume an average value 
P= P+ Ap where Ap is based on the general trend of rainfall 
It may be noted that the factor 4,/E4 is a constant for each 
rainstorm, This may be called as a weightage factor for the nth 
rain gauge 

Isohyetal method is suitable for isolated studies in hilly or 
rugged and large areas—more than S000 sq. km, when the 
number of rain gauges for the basin area is large, enough to permit 
the plotting of isohyets by interpolation. Isohyetal averaging makes 
due allowances for the storm properties besides the land form 
and hence is more accurate for any given storm as compared to 
Thiessen polygon method which has constant weightage factors 
associated with cach rain gauge, 





Fig. 3.9 Isohyetal method. 


GRAPHICAL REPRESENTATION OF RAINFALL 


‘The rainfall pattem is best studied with the help of graphical plots. Among others, the types of 
curves used extensively for this purpose are 
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(i) Hyetographs, 
(ii) Mass curves (both for individual storms) 
(ii) Moving average curve (for yearly variation of rainfall) 


1. Hyetographs 






Hyetographs are the rainfall intensity—time curves 
that indicate the variation of the rate of rainfall with 
respect to time. However, very often it is convenient 
to represent the above curve in the form of a block 
diagram or bar diagram by assuming the rainfall- 
intensity to be constant for a very small interval of 
time AV, It is in this form that the hyetographs are 
used in practice, A hyetograph—both as a curve 
and as a block-diagram is shown in Fig, 3.10. 


‘Actual 


Block-diagram 


Intensity envy, —e 


a at at at at AR at 
2. Mass Curves Time (h) —e 

Instead of plotting the intensities of rainfall, if the Fig.3.10 Ahyetograph 
cumulative value of rainfall is plotted against time, a curve known as mass curve of rainfall is 
obtained. For plotting the curve, the total cumulative magnitudes of the rainfall up to different times 
are found and these values are plotted on the ordinate versus time on the abscissa. It will, thus, be 
seen that a mass curve will always be a 





rising curve. The curve may have some 

horizontal section indicating that during 22.50m 

this period no rainfall addition had = Prrieet in) 

occurred. From the mass curve, it is 

possible to get the intensity of rainfall as 1250 

well as the total rainfall during the period 'sonyet 
19000 sq, kr) 





under consideration, The ordinate of the 
mags curve at any point gives the total 
rainfall till that time, while the slope of the 
curve at any point gives the intensity of 
rainfall at that time, Mass curves are useful 
inestimating design storms. A typical mass 
curve of rainfall is shown in Fig. 3.11 for 
the Damodar basin in India. The design o 10 2 3 50 60 
storm mass curve is generally obtained Duration in hours —e 

by the maximization of mass curves of Fig.3.11 Mass curves of rainfall. 
observed storms in the catchment, 


Cumulative weight 





3. Moving Averages Curves 


Another graphical representation of the rainfall record is achieved through a moving average or 
moving mean curve. In this process the yearly average rainfall of a place is plotted in bar graph 
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fashion as shown in Fig. 3.12. Such a bar graph, 
however, is unable to indicate with clarity any oapraine y 
trends or cyclic patterns in the rainfall due to / 

abrupt variations in individual years, In order to 


























suppress such deficiencies and in order to bring | yy) y y 
fortha general trend of the rainfall, the averages J 
of three or five consecutive years are takenand y 
then plotted as shown in the Figure. Thus, fora |_| 
three-year moving mean: 
CO FHRERERESEES 





Fig. 3.12 Movingaverage curve. 





3 

A plot of P%, P%, P% etc. is the moving average curve. A moving average curve is useful in 
identifying trends or patierns in the rainfall data. 
4, Intensity-Duration Curves 
Ithas been observed that usually greater the intensity of rainfall, shorter the duration for which it 
lasts. The relationship may be expressed for shorter durations (less than two hours) by the formula: 

a 

145 


G5) 








Where / is the intensity of rainfall (cm/h) tis 
the time duration, and () a and b are the 
locality constants (a is in cm and 6 in hours Fuiiain sabaln gues 
for the linear equation.) | 

The total rainfall would, thus, be different for 
different durations of the storm. Represented 
in the curve form, the intensity-duration 
relationship would be as shown in Fig. 3.13. 
Talbot worked out the values of a and 5 as 
1.75 cm and 0.25 hour, respectively for a 
normal storm in USA (first equation). For 
upper Jhelum canals in India the values of / 
have been found, For example, for periods of Duration (hours), ——» 
15 minutes and 1 hour, the maximum 

precipitation yalues are 17.8 em/h and 

6.3 emh, respectively 


Intensity (ervh) 





Fig. 3.13. Intensity-duration curves, 
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5, Depth-Area-Duration Curves 


In order to determine the observed depth (amount) of precipitation occurring over areas of various 
sizes for Various time durations, the three-parameter curves known as D-A-D curves are prepared 
which look like shown in Fig. 3.14. 
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Fig. 3.14  D-A-D curvesfor Damodar basin 


EXTREME VALUES OF PRECIPITATION 


While the rainfall analysis offers a valuable data about precipitation characteristics, it does not 
directly give the extreme value of precipitation. This is indeed necessary, because the designer has 
to plan for the safe passage of floods in extreme precipitation. This can be done in the following 
ways 
(i) Frequency analysis of the available data 
(ii) Estimation of standard project storm (SPS) or probable maximum storm (PMS), and 
(iti) Probable maximum precipitation (PMP), 


These are briefly discussed below 


1, Frequency Analysis of Rainfall 


Frequency analysis of the rainfall data is done in order to predict the magnitude of rainfall that would 
result from a storm that can be described as rare or very rare. Depending upon the importance of 
any structure, the design is made for a storm that would have a chance of | in $00 or 1 in 1000 or 
even 1 in 10,000, Thus, suppose that the design requirement isto estimate a storm with the probability 
of occurrence of 1 in 500 years, the available storm data is subjected to frequency analysis. One of 
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the usual procedures is to plot the data for individual storm precipitation depths (for I-day storms or 
2eday storms or more as required). This is done on a probability paper and is extrapolated to the 
required extent, The plotting positions are computed by using Weibull formula after ordering the 
data to a series with decreasing magnitudes, Thus, if there are n number of values, the highest 
observed precipitation would be at order no. and the lowest would be at number n. If this order 
number is termed as m, then plotting position according to Weibull formula is 


m 
Fe( 3.6 
(a) eo 


where F represents the percentage of years during which the precipitation is equalled or exceeded 
the precipitation of order number m. The inverse of is referred to as return period or occurrence 
interval 7, ic., 


G.7) 





The data is plotted as shown in illustrative example no.1 on a probability paper of the suitable 
type and is then extrapolated linearly, For a detailed discussion of this procedure, refer to chapter on 
Runoff and Streamflow. The success of the method depends upon choosing a proper and suitable 
probability paper. I also depends upon having adequate data points. 

The probability of equivalence or exceedence should not be confused with the probability of 
occurrence of the event. The probability J” that an event of 7-year occurrence interval will be 
equalled or exceeded in any one year is 


Four 





‘Thus, the probability that it will not occur in a given year is (IF), Hence the probability J that 
at least one event which equals or exceeds the 7-year event will occur in any series of N years is 
given by 

J=1-0-P* G8) 


Itmay be noted that even after finding the precipitation depth by frequency analysis, there is an 
uncertainty of its occurring during the lifetime of the project. 


2, Standard Project Storm (SPS) 


The Standard Project Storm (SPS) is defined as the severe most rainstorm on record yielding 
highest rain depth over the catchment or in the metcorologically homogencous neighbourhood of 
the catchment. 


3. Probable Maximum Precipitation (PMP) 


There is a physical upper limit to the amount of precipitation that can occur over a specified area 
from a storm of given duration, This could be viewed as the greatest depth theoretically achievable 
for the given conditions. The word “probable” highlights the uncertainty involved in the complex 
physical process and also its incomplete knowledge. Such a precipitation would result from a 
probable maximum storm (PMS) that could ever occur as a result of the most severe combination 
of hydrological and meteorological conditions such as humidity, wind and other factors 
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Itis estimated that the highest efficiency for producing rain is experienced during the occurrence 
of most severe rainstorm over the basin. Hence the SPS value is maximized by a Moisture Adjustment 
Factor for evaluation of Probable Maximum Precipitation. 

Moisture Adjustment Factor (MAF) is the ratio of highest liquid water content recorded in a 
fortnight of the storm within rainstorm season near the centre of the rainstorm to the persistent 
content recorded during rainstorm period. The liquid water content is estimated from surface dew 
point temperature at 1000 hPa assuming that the environment is fully saturated and follows pseudo- 
adiabatic lapse rate 


Liquid water content corresponding to maximum persisting dew-point temperature 
reduced to 1000 hPa at storm site in a fortnight of storm on record. 
Liquid water content corresponding to maximum persisting dew-point temperature 
reduced to 1000 hPa during the storm period. 


MAF = 





While the frequency analysis does not take into consideration the physical process and its 
limitations, the PMP technique does. Therefore, it is difficult to compare the results of the two 
techniques directly, but it has been observed that a storm of retum period of 10,000 years or so is 
often of a comparable magnitude to PMS. There are various techniques of finding PMP. These are: 
(i Storm model approach, (i) Maximization and transposition of actually observed storms anywhere 
in the region to the given area, (ii) Maximization of depth-area-duration of storms in the region, 
(iv) Use of empirical formulae and empirical relationships. (v) Statistical analysis of extreme rainfalls 
(for details of such methods, refer to Hvdrometeorology by C J Wiesner, 1970, Chapman and Hall). 





2-days maximum 
Q rainfall 














Fig.3.15 Heaviest rainfallin two days. 
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“The advantage of the PMP is that it appears to have a greater rationality. On the other hand, the 
frequency analysis is more flexible and values corresponding to any return period can be found 
easily, However, a long term data of at least about 25 years is required for a fair estimation of return 
periods, For large projects, itis generally advisable to adopt both the approaches in order to arrive 
at a comparable estimate of the design storm. However, where adequate hydro-meteorological 
(network of raingauge stations and gauge-discharge observations) data in the catchment is available, 
the design floods (like standard project floods or probable maximum floods) for large projects are 
preferably worked out from maximum observed precipitation values (standard project storm) or 
from PMP values using a Unit Hydrograph derived for the catchment (explained in Chapter 4) 


Regional Analysis of Precipitation 


The precipitation data is often subjected to regional analysis in order to find large-scale regional 
patterns. Figure 3.15, for instance, shows the heaviest rainfall depth for a 2-day storm in the form 
ofan isohyetal map for India. A variety of such maps can be prepared for getting an insight in the 
pattern of occurrence of the rainfall 


PRECIPITATION PATTERNS IN INDIA 


Figure 3.16 shows the isohyets of mean annual rainfall for India, From this it would be seen that 
there is a wide variability in the rainfall magnitude in different regions. The principal rainy season in 
India is from June to September which is the south-west monsoon period in India that generally 
yields high river stages. It may, however, be noted that monsoon rains are usually accompanied by 











NDIA 
Annual Rainfall 
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Fig.3.16 Mean annual isohyetsforindia, 
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movements of air that are pulsatory in character and there are spells of rainfall altemating with 
breaks. Only the southern states like Tamil Nadu get the advantage of retreating monsoon in the 
form of rainfall in winter. The rest of the country gets its rains predominantly in summer months. 
Its coefficient of variability is very high (60-70 per cent) in the arid regions (Thar desert) of 
Rajasthan, In the rest of the region it varies between 15 to 35 per cent, It is important to be 
conversant with the precipitation pattems of a region as they offer a clue to the runoff properties 
there, The MONEX experiment has given a greater understanding of the behaviour of monsoon in 


Asia. 


ILLUSTRATIVE EXAMPLES 





Example 3.1 


Given below is the record of yearly average rainfalls for the period 1951-1970, in a catchment 
With the help of a plot on the probability paper, estimate the magnitude of rainfall the probability 
‘of exceedence of which would be 1 in 10,000 years 

















































































































Year Average rafal nan) Year Average rainfall un) 
1951 1800 1961 1625 
19) 7s 1962 1720 
1953 420 1963 1750 
1954 1600 1964 1850 
1955 1600 1965 1260 
1956 1380 1966 1300 
1957 160 1967 1675 
1958 1400 1968 1450 
1959 150s 1969 1580 
1960 1520 1970 1360 
2200 
2000 
2 1800 TH 
= 600 Pig: 
8 1400 
: 
2 
1200 
1000 
Bay S* © 2 RSSRBRB BR BB 


Excesdencs probability (Percentage) —+ 


Fig. 3.17 
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Solution: 
‘The values of rainfall are first tabulated in descending order of magnitude, irrespective of the 
year in which they occurred. See Table 3.1. ‘The probability curve is then drawn on the probability 
paper With these values, as shown in Fig. 3.17. In order to estimate the magnitude of rainfall the 
return period of which would be 1 in 10,000 years, extend the curve (which is a straight line) 
‘upwards. The value corresponding to the probability of exceedence of 0.01 per cent, ie, a retum 
period of 0.01 «1/100 = 1/10,000 is marked, which is 2210 mm 





























Table 3.1 
Sno swerage Probability of exceedence 
om rainfall (mm) F = mini * 100 (per cent) 
1 1850 475 
2 1800 95 
3 1750 1425 
4 1720 19.0 
5 1690 23.8 
6. 1675 285 
Z 1625 332 
8. 1600 380 
9 1580 42.75 
10. 478 
i 52.25 
12, 570 
1B 617s 
4 66.5 
15 1125 
16. 1400 76.0 
17, 1380 
18. 1360 
19. 1300 
20 1260 
Example 3.2 


Figure 3,8(a) shows a catchment of 405 sq, km area with the rain gauges installed, ‘The point 
rainfall values shown by each of the rain gauges is indicated, Calculate the average rainfall over 
the catchment by 
(a) Arithmetical average method, 

(b) Thiessen polygon method, 
(©) Isohyetal method 
Solution: 
(a) Arithmetical average method, The average rainfall is given as 
HAP FAH AR 654834924 8412.745.0 





” 


or Average rainfall 
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(b) Thiessen polygon method. Thiessen 
polygon is constructed as shown in 
Fig 3.18. With the help of a planimeter 
or by geometry, areas of the polygons 
are estimated as follows: 





‘The average precipitation is given by 
A + APs ++ AP 
rs 

80X65 +80%8.3+90%9.24 76xI8+30%127+49%5.0 


or Py= =872em 
_ 405 








(c) Isohyetal method. Lsohyetal lines for 6 em, 
Tem, ...ete.,are drawn as in Fig. 3.19. 

The areas measured between the 

isohyets are as follows 








405 sq. km 


Average rainfall values 5.6 em and 12.3 em may be assumed over areas 4, and 
‘Thus, the average rainfall 


respectively 














p= Mt AR tt bP, 
. =, 

on pw BXS61SAG S4+65KT 568 5 46209 S455x10 SHAR LS4H2H23 
bd 405 


3564.9 
405 
=88em 








Paxewrearion | 63 





Example 3.3 


A flood of certain magnitude has a return period of 25 years. What is the probability of its 
exceedence? AAlso, what is the probability that this flood may occur in the next 12 years? 





Solution: 
‘The probability of exeeedence P= 1/T'= 1/25 = 0.04 
‘The probability that the ood will not oceur in 12 years is (1-0.04),, = (0.96), 





% 








or =0.6125=61.25%, 


‘Thus, the probability that the flood will equal or exceed in 12 years is 


J=1-06125 
03875 
=38,75% 
Questions 





What do you understand by precipitation? How does it occur? 

How is rainfall measured in a catchment? Name and describe various apparatuses used forthe same 
How could radars be helpful in locating ston? How does an automatic radio reporting rain gauge 
work? 

4 How would you find the average rainfall over a given catchment? 

5. What are mass curves? How can the design storms be estimated with the help ofthese curves? 

6. Define probable maximum precipitation. What isis significance? 

7. What is meant by frequency of rainfall and the recurence interval? 

& Acatchment ean he represented by an 
equivalent geometrical shape of a square and 
atriangle together as shown inFig. 320. There 88km 
re 3 rain gauges along the central Tine ofthe 


calchment placed equidistant to each other, H Pf 3 3 + 
starting from the apex that is also the outflow — 80km(700) (600) (S50)_(500)~ (450) 





point for the river The annual rainfall in mm 
recorded at each rain gauge is indicated by 
the figure within brackets, Caeulste the mean 
rainfall over the catchment and the annual Fig. 3.20 
runoff if the ninofY coetlicient is 0.3, 

(Hint: This problem can be solved by ‘Thiessen polygon method after calculating the weightage 
factor to each gauge station. Because of the geometrical nature of the figure, effective areas controlled 
by each station can easily be worked out) (Ans, 581.25 mm, 2615.6 Meu. m) 

9. What is the retum period of a flood whose probability of exceedence is 6.5%? What is the risk that 

this flood may occur in the next 5 years? (Ans. 15.4 years, 28.52%) 


80 km =f 80 km =f 50 k=} 50 kro 



















Runoff and 
Stream Flow 


RUNOFF PROCESS 


As the rain falls on the land, some of it infiltrates into the soil, some evaporates and the rest flows 
over the land surface in the form of a thin sheet, Such flow is termed as overland flow. That which 
infiltrates flows through the soil voids, some of it reaches the groundwater table and adds to the 
groundwater, while some of itis held in the soil in the form of soil moisture above the groundwater 
table, A part of soil moisture also moves laterally and joins the stream flow before joining the 
groundwater table, This part is called interflow. The groundwater table itself has a gentle gradient 
and there is usually a flow of the water below this saturation level in the direction of the gradient. 
This is termed as groundwater flow. Figure 4.1 shows the overland flow, the interflow and the 
groundwater flow all in the direction of a stream valley, All the three together can be termed as 
runoff from the catchment, 








Precipitation 


TTT ent 
TORS, 


Interfiow 


Wadd dt 


Infiltration 







Groundwater table 


Groundwater flow 


Fig.4.1 Moverent of the flow. 


Itis evident that all these flows contribute to the stream flow, The overland runoff starts soon 
fier the precipitation. Interflow is slower, and the groundwater flow isthe slowest. Fora precipitation 
resulting from a storm, the overland flow and interflow would reach the stream in a matter of 
hours, while the groundwater flow response may take days, if not months. Thus for the purpose of 
analysis, the overland flow and the interflow can be grouped together, This part of the runoff is 
termed as ‘direct runoff”, while the groundwater flow by implication can be called “indirect runoff” 
Atany time, the flow in a stream may consist of all the three components, but the direct runoff will 
be corresponding to the immediately preceding rainfall while the groundwater contribution, being a 
delayed response, in all probability, has no direct relation with the immediately preceding precipitation. 
We can be almost sure that this groundwater flow to the stream would continue more or less 
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unchanged, even if there has been no immediate precipitation, It is for this reason that it is termed 
as base flow in hydrograph analysis. Figure 4.2 indicates the rainfall to runoff transformation as a 
system, 


Total precipitation 


Precipitation excess _Infitration Other abstraction 
Surface runoff Subsurface runoff ‘Deep percolation 
Prompt Delayed Groundwater 
intertiow interfiow ‘unott 
Direct runoff Base runoff 
ee 
Total runott 


Fig.4.2. Rainiall-runotf system 


Runoff results from precipitation. It is reasonable to assume that 





Precipitation — Losses = Direct runoff + AStorage 
Here, the losses mean the amounts of moisture lost duc to evaporation, evapotranspiration and 
the infiltration, which do not contribute to direct runoff. As a matter of fact, it would be erroneous 
to call them losses, as the moisture is not permanently lost for use. A better term is “abstractions” 
Thus: 
Precipitation — Abstractions = Precipitation excess 
= Direct runoff + Change in storage ry 
Because of the cyclic nature of the phenomenon, if the equation is applied over a year, change 
in storage (AS) becomes generally negligible (although this may not be always true) and we obtain 
a tool to correlate precipitation with its direct runoff. Most of the direct runoff eventually appears as 
stream flow. Hence, we can write 
Precipitation exes 
The above equation is in volumetric units and does not tell us about the distribution of the 
runoff with respect to time. 


Stream flow direct runoff (4.2) 





STREAM FLOW ANALYSIS 


The rivers that flow all the year round are called perennial, while those flowing only for a part of the 
year are called intermittent, Besides these, we can identify certain streams in arid regions which 
flow for a few hours only after the rainfall. These are called ephemeral streams. To generate power, 
perennial streams are obviously the best, although intermittent streams may also be utilized by 
providing adequate storage facilities, The ephemeral streams, generally seen in arid regions, are of 
no use for conventional hydropower, They, however, can occasionally be used in pure pumped 
storage schemes, where the actual consumption of water is only marginal, In the following 
discussion, we would be mainly discussing the perennial streams, 
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Stream Flow Data 


In order to draw meaningful conclusions about the stream flow, past data is absolutely necessary 
This data can be compiled by gauging the flow at a suitable gauging station continuously for a 
number of years. Longer the period, greater will be the reliability of the prediction based on it. For 
reasonable assumptions, the data period must be of the order of 20 years, ‘The object of stream 
‘gauging is to estimate the discharge in the stream. 
Gauge—Discharge Measurement 
A suitable site in the river is selected to set up a gauge-discharge station (called G&D site). to 
regularly measure water levels and mean flow velocities, Such a site is where the bed does not shift 
frequently or the cross-sectional area across the stream does not vary much. Knowing the cross- 
sectional profile of the stream at a section, its area can be calculated. The mean velocities of flow 
can be measured by various methods described below, The mean velocity generally occurs at about 
60% of the depth of the river below the water surface at the section, while the maximum yelocity 
occurs at approximately between 10% and 20% of the depth below water surface. Thus, by 
mowing the area as well as the mean yelocity of the flow at a section, the discharge can be 
calculated. ‘To simultancously read the water level above a standard datum, a graduated staff or 
level recorder is fixed at the site, Such readings are also known as gauge or stage readings. With the 
help of long term values of gauges and corresponding discharges in the river, a mathematical 
correlation can be worked out and a graphical relationship can be plotted between the two. This is 
known as gauge-discharge (G-D) curve ora rating curve, When a stable G-D curve is established 
ata site, it is possible to estimate the flow value just by observing the gauge reading with the help of 
the curve. Discharges, beyond the measured limits of stages, can be assessed from the extended 
rating curves, which are extrapolated logarithmically or by using area-velocity method. The stage— 
discharge relationship may also be represented in the form of a rating table or a rating equation, The 
gauges or water levels can also be observed by an automatic water level recorder (analogue or 
digital) using a float in a stilling well 

Velocity measurement in a stream may deploy various instruments and techniques such as cup 
wheels or propellers, laser lights and sound to observe difference in frequencies, electromagnetic 
current, optical strobes etc. In the Doppler method, a velocity sensor transmits a high frequency 
sound wave into the flow to measure velocity of the stream flow. Due to the Doppler effect, the 
sound wave is reflected by suspended sediment particles and air bubbles in the flow. The frequencies 
of the reflected sound waves are detected by the sensor and are then related to the velocity of the 
points in the stream flow at which the reflections occurred, The flow area is calculated from the 
cross-section of the stream at that point. The discharge is then worked out by multiplying the area 
of the flow by its average velocity 

‘A more modern technique uses optical strobe velocity meters to measure surface velocities of 
flow without immersing any part in the stream, Even high velocity and highly sediment laden flows 
can be measured with this method, wherein mirrors mounted on a polygon drum are carefully 
rotated at controlled speeds such that light coming from the water surface is reflected by the 
mirrors into a lens system and an eyepiece. The rate of rotation of the mirror drum is changed while 
viewing the reflected images in the eyepiece till the images become steady and appear as if the 
surface of the water is still. At this stage, by reading the rate of rotation of the drum and knowing 
the distance from the mirrors to the water surface, the velocity of the surface can be determined. 
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The discharge in the stream is estimated by applying a proper coefficient to this surface velocity 
and multiplying by the cross-sectional area of the flow section. 

Velocity is usually measured by commercially available current meters, which are suspended 
‘with wire ropes either from a cable stretched overhead (from bank to bank) or directly from a boat. 
Current meters give relatively correct values of the velocity. The more commonly used equipment 
is the propeller type current meter. 

The propeller current meters use anemometer cup wheels or propellers. These meters are 
calibrated by dragging them at known speeds through tanks of still water, rotating the cups 
accordingly. The rotational speed of the cups or propellers is then correlated with the velocity of 
flow, Price current meter (also called USGS Type AA current meter) is a commonly used type of 
current meter which is suspended in the water using a cable with sounding weight or wading rod. 
It measures flow velocities in the range of about 0.03 to 7.5 metres per second with great accuracy 
Main features of this meter arc the specially designed bucket wheel shaft bearings and two post 
contact chambers, The bucket wheel, 12.7 em in diameter, has six conical shaped cups, and rotates 
on a vertical axis inside the yoke. Its shaft has tungsten carbide bearings that are located in deeply 
recessed inverted cups, When the meter is in use, these cups act like air chambers such that the 
entrapped air helps to stop water and silt from the bearing surfaces to give low starting velocities 
and minimal friction in the bearings. The method of measuring velocity using floats is given below. 
Measurement by floats 
When itis not possible to measure the velocity of flow with the help of current meters, there we use 
rod or tube floats. A float for this purpose is.a square or round wooden rod with a width or diameter 
of 2.5 to 5 cm, depending on the length. The rod is designed to make one of its ends heavy so that 
it will float in a vertical position with the length of the immersed portion about 0.9 times the depth 
of water. It is presumed that the velocity of the rod float extending from the water surface to very 
near the bottom of a channel will closely represent the mean velocity of the flow, The width of the 
stream at the section is divided into segments; velocity measurements are taken in these segments. 
Velocities near the banks may not be measured by the rod method but may’ be assumed to be two- 
thirds or three-quarters of the mean velocity of adjacent segments. The float gives approximate 
surface velocity of the flow, based on measured time of its travel over a known distance in the 
stream, that has to be converted to ‘mean’ velocity (i.e., at 0.6 of the depth) by multiplying it with 
a reduction factor (generally 0.78), Where a long-term float velocity data is available, itis advisable 
to correlate it with observed current meter velocity data, so that a series of more reliable discharges, 
can be obtained for use in estimating availability of water, flood values, etc 

The most commonly used 
procedure for determination of flow 
velocity is the area-velocity method 
which involves measuring point 
velocities at select points on a number 
of vertical, equidistant sections such 
as a-a, b-b ctc.as shown in Fig. 4.3. 
Usually, for average or mean velocity 
(considered to be at 0.6 of the depth) 
ata section, velocities at 0.2 depth and 











Fig. 4.3 Velocity measurementin a stream 
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at 0.8 depth are measured and their arithmetic mean is adopted as the mean velocity for that section. 
The total discharge is given by 


Q = Sfarea controlled by the section) * V,.., for the section (43) 





The area controlled by c-¢ will be corresponding to the hatched portion as shown in the figure. 
Dotted lines are equidistant between b-b and c-c, and c-c and d-d, respectively 

Such velocity measurements are generally made once in a day at an appropriate time when the 
flow is neither excessively low or high. The discharge thus arrived at is presumed to be the mean 
value for that day. The gauging record for daily mean discharges yields daily flow data, For the 
estimation of flood values, however, hourly discharges need to be observed during monsoons, 
since the peak flow may not necessarily occur while the measurement is being made for daily 
discharges at the gauging site. 

If'such a gauge record is not available, the discharge may also be estimated by using Manning's 
equation for channels, viz., 


G4) 





Where Q is the discharge 
Ais the cross-sectional area of flow 
‘nis the roughness coefficient of the channel 
Ris the hydraulic radius = A/P 
Sis the energy slope, and 
P is the wetted perimeter. 





Accuracy of such estimation depends upon the correct assessment of 7 and S; since the area 
and perimeter can actually be measured. The value of 1 varies from 0,02 to 0.05 for natural rivers, 
while S, the energy gradient, although very nearly equal to bed slope, may have to be worked out 
independently, if the flow is non-uniform.* 

The stream flow data can be used for the dual purpose of studying significant properties of the 
flow and of establishing a correlation between the flow and the rainfall. Among the significant 
properties of the flow are (i) the maximum and minimum discharges to be anticipated during the life 
of the power project, (ii) the seasonal and monthly variations in discharge, (iii) the total volume of 
Water available in a season or in a year and (iv) its dependability 

Analysis for the maximum and minimum discharges is known respectively as flood analysis 
and low flow anal Here, our interest is to find out not only the two extreme values but also the 
duration of such conditions and a precise day-to-day sequential variation that can be anticipated. 

Inthe volumetric estimation of runoff, the actual sequence of runoff is of secondary importance 
but the dependability of such estimation has to be analysed, This can be termed as runoff analysis, 








Graphical Representation of Stream Flow 


The stream flow data is usually available in tabular form or in coded tape form, At the time of 
analysis, it is first represented graphically, for which various types of plots are used, These are 
discussed in detail now. 





© Refer to Open Channel Hydraulics by VT Chow (1959). 
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HYDROGRAPH 


A hydrograph is a discharge-time curve of the flow, Discharge is plotted on Y-axis and the 
corresponding time is plotted on X-axis, For flood analysis, the time may be plotted in days, as the 
flood lasts only a few days. If the monthly average variation is to be studied, the time may be plotted 
in months. Figure 4.4(a) shows such a monthly variation for two perennial streams. It is evident 
that the flows are very low during summer and are substantially higher in monsoon. 
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Fig. 4.4(a) Mean monthly discharges for perennial streams. 
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Fig. 4.4(b) Ahydrograph. Fig. 4.4(¢) Complex flood hydrograph, 


Figure 4.4(b) shows a flood hydrograph that is the immediate result of a preceding storm. 
Here, the time is plotted in hours or days depending upon the duration of the flood. The storm 
indicated by the hyctograph starting at zero hour lasts for a few hours, This results in a progressive 
increase in the stream flow that reaches a peak value at B, a little after the storm is over, and the 
flood then recedes gradually, It may be noted that the dotted line AC denotes the dividing line 
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between direct runoff and the base flow. How this line could be drawn is discussed subsequently 
‘The area under the curve ABCD would give the total volume of flood. ABis the rising limb and BCD 
is the recession or depletion limb of the hydrograph. Discharge at B corresponds to peak value of 
the flood. 

For rivers, the actually recorded floods may not alway’s produce smooth, single-peaked curves 
as in Fig. 4.4(b), but may present multiple peaks and kinks due to the compound effect of storm 
complexity or the catchment peculiarities. Figure 4.4(c) shows such a hydrograph. For flood 
analysis, a single peaked hydrograph is to be preferred to such a complex hydrograph. A complex 
hhydrograph, however, can be resolved into simpler ones by drawing hypothetical recession lines as, 
dotted lines Fig, 4.4(¢)). It is possible to conceive of such lines, as for any river the general pattern 
of recession is more or less similar. 


MASS CURVE 


Mass curve is another method of graphical representation of the stream flow: While hydrograph is 
a discharge-time curve, mass curve is a cumulative flow volume-time curve (see Fig, 4.5). The 
mass curve ordinate Vat any time T’ can be obtained by 





v- Je at 
a 


(43) 

The expression on the right hand side represents the area 
under the hydrograph from f= 0 to f= 7. Thus, itis possible 
to obtain mass curve from the hydrograph and vice-versa. 

It is easy to sce that the slope of the mass curve at any 
point denotes the rate of inflow at that instant, Since discharge 
cannot be negative at any time, mass curve of runoff is either 
arising curve or horizontal—horizontal when there is cessation 
of inflow. Mass curve is a useful tool in calculating the storage 
capacity of a reservoir or the safe yield from a reservoir of Time = 
given capacity. Fig.4.5 Mass curve. 
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For estimating the storage capacity of a 
reservoir, a mass curve sis plotted (Fig. 
4.6). Tangents PA, QB are drawn from 
the peaks or apexes, such as P, Q, in such 
away that they are parallel to the demand 
line. Then the maximum vertical ordinate 
between the mass curve and demand line 
gives the required storage capacity of the 
reservoir. In Fig. 4.6, ab is the largest 
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and hence gives the value of the storage 


Fig. 4.8 Reservoir capacity from mass curve 
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capacity needed, A, Q, B are assumed to be the points where the reservoir is full, Now starting 
from the point P along the mass curve, it would be scen that the deficit gradually increases as 
compared to the inflow; it is maximum (= ab) at the point 6, After this point, the gap between the 
mass curve and demand curve (which is a straight line in this case) decreases and becomes zero at 
point A which again shows the reservoir full point. Thus, at and after the point A, up to Q, the 
reservoir is full and any inflow greater than the demand will have to be spilled. Ifthe demand curve 
is nota straight line, it shows a non-uniform demand. In such a case, numerical solutions are more 
convenient. Also see chapter 6 for reservoir capacity estimates 





Yield from a Reservoir 


For determining the yield from a reservoir of given capacity, tangents are drawn from the peaks of 
the mass curve such as P. Q (Fig. 4.7) in 
such a way that the maximum vertical 













distance (ordinate) of any tangent from the ‘ 
mass curve docs not exceed the given Equal to 
reservoir capacity. The slopes of these lines & capacity 5000 
(langents) thus give the safe yield for that § 3000 

z ham 
period. The line of theflattestslope indicates. = I, 2000 
the firm, dependable yield from the reservoir. _ 


Equal to Tear 


For measuring the slopes, demand lines of Fade 
Slope o tangent = Yield 


different rates (and hence, different slopes) 
are drawn on the same diagram as shown 


Mass int 


in Fig, 4.7. The slope of the tangent, then, 1870_——*1977 1972 7873 7974 
can be matched or compared with the slope ate 
of any of these lines and interpolated. Fig. 4.7 Yieldof reservoir by mass curve, 


Ilustrative examples have been solved at the end of this chapter to further clarify these procedures. 


FLOW DURATION CURVE 


A yet another way of graphical representation of the runoff is the flow duration curve. Unlike other 
curves, itrelates flow rate with duration, and does not give any sequential information regarding the 
flow. It has the discharge plotted on the Y-axis and the percentage of time duration for which that 
magnitude of discharge (or more) exists, plotted 
on X-axis, The flow duration curve would look as 
shown in Fig. 4.8, The discharge Q,, or more will 
be available for p per cent of time of the total data 
period. Thus. Q,,,,, ~ Qjg Would be the discharge 
available for 100 per cent of the time, Perennial 
streams would show a finite value for 0,9, While 
intermittent streams would show zero ordinates 
corresponding to the duration for which they do Gie0 = Onin 
not flow. For instance, a stream which flowson 495 p sg 7s wo t 

an average for only six months in a year would Percentage of time %) —» 

show zero ordinate between p = 50 to p = 100, as 
shown in Fig, 4.8, 






Intermittent stream 


Perennial stream 


Discharge —= 





Fig. 4.8 Flow duration curve tor stream. 
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Flow duration curves are of no use where time sequence of the flow is of importance, such as 
in the study of floods. In such cases hydrographs serve the purpose. To know the discharges that 
would be available, say for 50, 75 or 90 per cent of the time (irrespective of the part of the year) the 
flow duration curve comes in handy. Flow duration curves are used in assessing the dependability 
of the discharge. If we infer from the flow duration curve that a discharge of 100 m°/s is available 
for 75 per cent of the time, we can approximately say 
that 100 m/s flow has a 75 per cent dependability. For 
planning to generate hy dro-power, normally 90 per cent 
dependable flows are estimated. 

Ifthe average daily discharges are taken for plotting 
the flow duration curve, a more accurate curve results 
with the help of 365 points for one year, Monthly average 
discharges, however, result ina curve that is approximate 
but easier to draw, as it involves only 12 points. A 
comparative study of the flow duration curves plotted 
on daily averages and monthly averages indicates that 
there may be an error of the order of 10 to 15 per cent 
in the estimation of minimum and maximum flow rates, 
as Fig. 4.9 indicates. In using flow duration curves 
plotted with a monthly data, this fact has to be kept in Fi@-4.9__ Variation of flow duration curve, 
mind 

Flow duration curves are generally used in assessing dependable power in run-of-river plants 
with or without pondage. Flow duration curves, their construction and application are further 
discussed subsequently in the Chapter 6 on “Low and High Head Plants 






Daily average discharge 


Monthly average 
‘discharge 
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RAINFALL-RUNOFF RELATION 


The observed stream flow data can be analysed by devices such as hydrograph or flow duration 
curves, But to predict the runoff or stream flow corresponding to any given precipitation is not 
possible by looking at the runoff data alone. What is needed is to establish a correlation between the 
rainfall and the corresponding runoff. As a matter of fact, the rainfall-runoff relation is the central 
theme of surface water hydrology. Recalling our discussion in the previous chapter, the runoff can 
be looked upon as the output response of the catchment as a system to the precipitation (input). It 
is therefore obvious that the runoff would depend upon the characteristics of the input as well as of 
the catchment. 


FACTORS AFFECTING RUNOFF 


The various factors that influence the runoff rate and quantity can be enumerated under four broad 
headings namely 


1. Precipitation characteristics 


2. Meteorological characteristics 
3. Catchment characteristics 
4. Storage characteristics. 
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1. Precipitation Characteristics 


Precipitation characteristics include the type or nature of stom, its intensity, extent and duration, 
The variation of intensity of storm with respect to area as well as time is also important, Greater 
intensity or rain produces greater runoff for the same total precipitation volume, This is so, because 
less storm time decreases the abstractions, ic., evaporation and infiltration. Storms producing mild 
rains over longer spells, on the contrary, produce relatively less runoff. If one storm comes in close 
succession {0 another, the second storm produces relatively greater runoff. This is due to the fact 
that there being enough wetness in the soil, the infiltration losses are markedly less for the second 
storm, This state of soil is termed as antecedent precipitation condition. Snowstorms produce 
runoff only with the melting of snow. Such runoff have markedly different characteristics 





2. Meteorological Characteristics 


Meteorological factors such as temperature, humidity, wind, pressure variation, etc., produce 
significant effects on the runoff, Greater temperature and wind velocity help evaporation. Humidity 
on the other hand, decreases evaporation. Transpiration also increases with these factors, Wind 
carries with it the moist air and replaces it with fresh dry air helping the evaporation process, The 
pressure distribution in the atmosphere helps the movement of storms, If the storm follows the 
direction of the stream Mow, the runoff rate is more. On the other hand, if the storm moves in the 
opposite direction, relatively moderate floods result 


3. Catchment Characteristics 


‘The catchment characteristics include the size, shape. surface, orientation, altitude, topography, 
and geology of the catchment. 

The bigger the catchment, the greater will be the total runoff. But it is observed that the 
‘maximum runoff intensity does not increase linearly with the catchment size. Bigger catchments 
introduce a storage effect and have a moderating influence on the flood. It is also true that in larger 
catchments, the storm is seldom effective over the entire catchment, Hence, at any given time only 
a part of the catchment contributes to the flow. This also introduces the size effect in the flood peak 
value 

‘The shape of the catchment also affects the runoff. A fan-shaped catchment produces greater 
flood intensity than a fern-shaped catchment (Fig.4.10), This is because in the former type, all the 
tributaries are of comparable length and the runoff reaches the outlet almost simultaneously. With 
fern-shaped catchment reverse is the 
case 


Tributaries 
‘Asa matter of fact, the shape of the eaae 

ow hydroyraph from any basin depends 

upon a number of variables such as the Heincrctd 


time of travel of water through the basin, 

besides the shape and storage 

characteristics of the basin, ‘The time of 

travel, in tum, depends upon the average 

velocity of the flow, but can be presumed (a) Fan shape (0) Fom leat shape 
tobe roughly proportional tothe distance Fig. 410 Shapeso catchments. 
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of the point under consideration from the outflow point. In particular, the time of travel from the 
farthest point of the basin up to the outflow point is known as the time of concentration. This is a 
significant variable and it ought to be obvious that only those storms that have duration greater than 
the time of concentration will be able to produce runoff from the entire catchment area, It ought to 
bbe equally obvious that only such storms would produce major floods, 

A better appreciation of the hy drograph shape can be had by plotting isochrones (Lines joining 
all points having equal time of travel) and drawing time~area diagrams that indicate the incremental 
arcas that start contributing to the runoff with the time interval 

The surface of the catchment also has substantial effect on the runoff, A bare surface gives 
more runoff, whereas a grassy or cultivated surface gives less runoff, as the interception due to 
Vegetation is greater in the latter case. A paved surface, such as in cities, produces greater runoff. 

If the catchment is located on the orographic or windward side of the mountains, it receives 
greater precipitation and hence gives a greater runoff, IFit ison the lee-side, it gots less precipitation, 
so less runoff, Similarly, higher altitude catchments receive more precipitation and yield greater 
runoff, 

Topographically, steeply sloping catchments produce greater runoff. A steep slope helps quicker 
drainage and virtually no depression storage and thus provides less opportunity for evaporation and, 
absorption, An undulating land on the other hand, offers greater resistance to flow and provides 
considerable depression storage. Such a land yields less runoff, 

The geology of the catchment is also a pertinent factor. Sandy soils allow greater infiltration 
rates, while clayey soils or hard pans do not permit the water to percolate through, The permeability 
of the geological strata, thus, controls the abstraction rate and hence the runoff. An unfissured rock 
surface converts almost all of the precipitation into runoff. Rocky stratum also becomes an 
impermeable boundary as far as subsoil flow is concerned and at many places converts the subsoil 
flow into springs contributing to the surface water flow, 





4, Storage Characteristics 


We mentioned in the previous paragraph that the runoff hydrograph depends upon the storage 
characteristics of the catchment. Of the total precipitation that falls on the catchment area, a partis 
stored within the area and does not readily appear as runoff al the outflow point. Its released later 
in the form of delayed runoff. Thus, there may be a number of depressions, pools and lakes, which 
receive part of the precipitation and detain it cither temporarily or permanently. This is known as 
depression storage, As the water depths in the channel network in the catchment increase with 
increasing flow, some water is automatically stored in the additional channel volume. This is known 
as channel storage. Channel storage and depression storage together constitute the valley storage. 
The magnitude of the flood or runoff depends upon the characteristics of the valley storage. For 
instance, it is common knowledge that check dams in gullies and on small streams reduce the 
maximum flood discharge, Creation of a major reservoir over a stream can effect substantial 
moderation in the flood magnitudes duc to its storage bulTer. 





ESTIMATION OF THE RUNOFF 


Estimation of runoff from a catchment is a complex job. It generally needs three kinds of statistical 
data, viz. 
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(i) Annual, seasonal or monthly runoff. 
Gi) Extremely low flows 
Gi) Flood runoff, 

The first of these is uscful for the general assessment of water resources and for planning its 
development and use, It is also useful in laying down operational rules for the regulation of reservoirs 
on a stream. The second and third estimates are for determining an extreme situation (like high 
Mood ora low-flow sequence) that may arise during the life ofthe project. Although basically all the 
three estimates belong to the general category of runoff, it is convenient to discuss them separately 

Its important to assert here that runoff is the output of the catchment system and is basically 
a stochastic process. The estimation of runoff should, therefore, be made in terms of probability of 
its occurrence, However, for the sake of simplicity, many times such a prediction is made with the 
help of deterministic formulae, while using which, one has to be mindful of this characteristic. 





Methods of Runoff Estimation 
There are two different approaches for estimating runoff, viz,, 
(i) To analyse the available data for its statistical properties, In such a case, the data is not 
required to be correlated to rainfall and other hydrologic variables. 
(i) Toestablish a correlation between precipitation and runoff. This is more popularly known 


as rainfall-runoff relationship, In this approach, runoff can be estimated for any 
precipitation. To establish a correlation, both the precipitation and runoff data are needed. 


Both these approaches are discussed now 





Frequency Distribution of Runoff 


Numerous studies of the frequency distribution of runoff from streams in different parts of the 
World are available in literature. It can generally be concluded that the frequency distributions are 
positively skewed for annual runoff series. This skewness is more pronounced in the monthly 
runoff series, Statistically therefore, median value of the data is more significant than the mean 
value, A gamma () distribution is also considered suitable for skew distributions, On the other 
hhand, the logarithmic transformation of runoff values tends to normalise the data and is also frequently 
adopted 

However, runoff data of sufficiently long duration is not easily available, Thus, whatever data 
is available must be extended using some kind of mathematical model. 

‘The main drawback of frequency analysis is that it is completely devoid of any physical 
understanding of the runoff process. Its, therefore, customary to adopt rainfall-runoff (combined) 
analysis for estimating the runoff. 





RAINFALL-RUNOFF ESTIMATION 
1. The Historical Approach 


To estimate runoff from rainfall was a problem that was tackled by engineers in early days of 
hydrology by establishing empirical correlations and by developing formulae, curves and tables that 
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could be readily used for design and planning purposes. Such formulae/curves/tables had limited 
regional validity, but they served useful purpose and may have some relevance even today under 
special circumstances. 
The simplest formula in this category is 

R=KP (46) 
where R, P and Kare respectively runoff, precipitation (both in em) and a coefficient K often called 
the runoff coefficient, The so-called ‘rational formula’. viz 

R=KAP (4.7(@)) 
is only an adaptation on the linear relationship in equation (4.6) with the only difference that R is 
now in volumetric units as A, the catchment area is also included in the formula, Derived for SI 
units, the formula can be written as 





R=0278KAP (4.700) 
where 2 is in cumec, A is in sq. km and P is in mm/h. 

In spite of the fact that the rainfall-runoff relation is non-linear as well as non-deterministic 
(which means K cannot be a constant coefficient), the formula is quite widely used even today, The 
value of K can be as low as 0.05 or as high as 0.95, For instance, at Kariba dam site on Zambezi 
river, at the minimum recorded runoff of 20.9 « 10° cu. m, the value of K is only 0.05, but rises 
(proving what has been stated above) to 0.16 for a runoff of 92.2 » 10° cu. m, which is the 
maximum observed runoff. 

For the sake of record and better appreciation of the different situations, given below are a few 
empirical formulae in the same genre as in Eqn. 4.6 above. These formulae have been derived for 
limited regional use 
@ Inglis and de Souza (1929, for peninsular India): 


R=0.85 P 30,5 
_(P-17.8)P 48) 
254 


(i) Lacey (1957, for Indo-Gangetic plain): 


P 9 
Ro 30naF il 
1+ 





where /"is a monsoon duration factor varying from 0.5 to 1.5; Sis a catchment factor depending 
upon the slope and varies in a range of 0.25 for flat lands to 3.5 for hilly areas, 


(iii) Rihand formula (for Rihand catchment, India) 





R=P-117P* (4.10) 


(i) Barlow's tabular values of K: 
T G Barlow (1915) gave a table (Table 4.1) to find a proper value for Kin the rational formula, 
depending upon the type of rain and catchment, The values are applicable for Indian conditions. 


Runowy ano Stream Flow | 77 





























Table 4.1 
Type of catchment Light Moderate Heavy 
rains rains downpour 

Flat, cultivated with black eotton soils 007 010 01s 

Flat, partly cultivated various soils 008 01s 02s 

Average 008 020 

Hilly and undulating with little cultivation 0.08 0, 

Very hilly and steep 0.08 045 
(0) Yamuna at Dethi (India) 

R= 0.14 Pht 1) ‘wei 

“ = Condition 
(vi) Strange Curves and Tables ‘Average } ee 
W L Strange (1928), based on his empirical ry J catchment 


observations in India, proposed that the degree 
of wetness of the catchment at the beginning is 
a variable, He proposed curves of the type 
indicated in Fig, 4.11, He also prepared tables 
for ready reference. A noteworthy point in 
Strange curves is that the non-linear 
characteristic of the relationship seems to have 
been appreciated 


Runoff. —= 


Rainfall —= 


Fig. 4.11 Curvesdue to Strange. 


2. Hydrologic Equation 


A general relationship between rainfall and runoff can be expressed as 
R=P-AS-A, (4.12) 


where R and P have the same notation as above, AS is the change in storage in the catchment 
during the period under consideration and 4,, indicates total abstractions due to evaporation and 
evapotranspiration 

‘When the above equation is applied to estimate mean annual runoff, AS can be omitted because 
its value would be zero over a sufficiently long period of time, Even if not zero, it would have a 
relatively small value as compared to A,. The average value of A, would mainly depend upon the 
average temperatures prevailing in the period. Based on this concept, A N Khosla (1949) established 
the following three-parameter relationship, generally applicable (o northern India 

R-P ae (4.12a) 
a7 
where R and P are in cm, and T'is the average yearly temperature in °C. 

In estimating monthly runoff from monthly rainfall, however, AS'is not negligible and has to be 
accounted for. For such a water-budgeting procedure, watershed storage characteristics have to 
be meaningfully represented by the term AS. Modem watershed models try to achieve this through 
a process of simulation 
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3. Multiple Correlation 


Since the runoff depends upon various factors, a still more logical approach is to develop a multiple 
correlation, This has been attempted by Linsley, Kohler and Paulhus (1969). They call it a coaxial 
correlation, One such typical relationship that relates to Monacacy River (USA) is graphically 
represented in Fig, 4.12, Depending upon the antecedent precipitation, the time of the year, duration 
and magnitude of the storm and the altitude, the estimation of runoff can be made by following the 
data as indicated by the dotted line in the Fig, 4.12. Thus, a catchment with an API= 2,5 cm, in the 
filth week of the year, experiencing a storm of 24 hour duration and 12 cm depth of precipitation, 
will yield a runoff of 5 cm, The antecedent precipitation index (API) is an index of soil moisture 
(wetness of catchment) in estimating runoffs and is given by 
Pe? Fs : (4.13) 
where P,, is the initial value of API (in em), which needs to be estimated on the basis of soil 
moisture. P,, is the API value after f days, and {is the recession constant ranging between 0.85 
and 0.98. 
‘Thus, afier one day, the value of API’ would be given as 
KP (4.14) 
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Fig.4.12 Coaxial graphical correlation. 


























“IF it rains on any day under consideration, the amount of rainfall is directly added to the index, 
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Figure 4.13 shows another coaxial graphical correlation for estimating the monthly runofts 
from a catchment of the river Kallada in Kerala (India), as given by NN Pillai (1964). Here, the 
antecedent precipitation index (API) has been taken as the precipitation of the previous month, For 
the particular number of months (ie, 1 January; 2 February etc.), experiencing a certain rainfall, 
the runoff over the area can be read directly, if the precipitation in the previous month is known. 
Thus, ifthe surface runoff in the month of July (month number 7) is to be found, given the rainfalls 
for the months of June and July as 49.5 cm and 67.0 cm respectively, then it would be 41.3 cm as 
indicated by the dotted line, The total yearly yield from the catchment is the sum of the base flow 
(estimated as 30 cm) and the cumulative surface runofs for the whole year. The method for 
developing such graphs is illustrated fully in the book Hydrology for Engineers. written by Linsley 
Kohler and Paulhus, 
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Fig. 4.13 Graphical correlation for river Kallada, 


4, Computer Models 


Computerization has brought abouta revolution in hydrological studies also, The methods described 
above may have been adequate and satisfactory before the era of computers but these are outdated 
and outmoded in view of the large-scale use of computers in modern hydrology. 

Ithas been mentioned earlier that a catchment can be looked upon asa system with precipitation 
as input and runoff as output. This physical system is simulated on the computer as closely and 
comprehensively as possible. All the physical processes such as interception, infiltration, 
evapotranspiration are simulated in the form of a series of mathematical functions. In the physical 
process these components are usually treated in a lumped form and hence are represented by 
empirical relationships. With a number of such parameters, a program can be developed which 
reproduces ahistorical flow sequence corresponding to given precipitation and other meteorological 
inputs. 
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5. Mathematical Models 


Mathematical models are developed using logical programming to conceptualize the land phase of 
the hydrological cycle in time and space, The deterministic hydrological model attempts to simulate 
the physical processes that transform rainfall to streamflow in the catchment, while the stochastic 
hydrological models seek to analyze hydrological time series of relevant variables. like rainfall 

evaporation, and streamflow, which are probabilistic in nature, Stanford watershed model was a 
well known and one of the earliest computer models developed by Crawford and Linsley at Stanford 
University in 1966. It is a comprehensive model for synthesizing river flows based on water 
budgeting. By using hourly precipitation data and daily evapotranspiration as the main inputs, the 
model is programmed to produce hourly flows. Soil, vegetation, land use are all accounted for by 

a set of parameters, the values for which are progressively optimized by search technique. 

‘There are a large number of conceptual models, more famous of which include Nash model, 
PRMS (Precipitation-Runoff Modeling System), HSPF (Hydrological Simulation Program-Fortran), 
SLURP model, MIKE-1, MIKE SHE, SWRRB, and SSARR model. The US Army Corpsof Engineers 
have developed several useful mathematical models for different hydrologic computations. They 
are popularly known as HEC models (after the Hydrologic Engineering Centre). The Hydrologic 
Modeling System (HEC-HMS) is a generalized, lumped conceptual model developed in 2000 that 
can simulate precipitation-runoff process in a large watershed/river basin for various applications 
by separating the hydrological cycle into a desirable number of parts and representing mass or 
energy flux in the cycle as a mathematical model 

Tank model proposed by M Sugawara (1974) is a conceptual model visualized in its simplest 
form as comprising four tanks laid vertically in a series. This is used to analyze daily discharge from 
daily precipitation and evaporation values. The precipitation is put into the top tank and evaporation 
subtracted from this tank. If the top tank is empty, evaporation is subtracted from the second tank 
below, If this tank is also empty, evaporation is subtracted from the third tank below, and so on. 
The outputs are the calculated runoffs taken from the side outlets of the tanks, such that the outputs 
from the top tank downwards (first, second, third and fourth) are surface runoff, intermediate 
runoff, sub-base runoff and base flow, respectively. Depending upon the intensity of rain and its 
duration, the tank model offers different states for analysis and many types of hydrographs due to 
a non-linear structure as a result of setting of side outlets in the first, second and third tanks. 

(a) Artificial Neural Network (ANN) Model 

Black box models involving mathematical equations are empirical, analyzing input and output series: 
of concurrent events, However, the method has been used widely to model complex non-linear 
systems involving huge data. Unit hydrograph method is a black box model. Another of such black 
box models that has found acceptance in analysing complex systems in several interdisciplinary 
fields, including rainfall-runoff relationship is Artificial Neural Network (ANN) model inspired by 
the brain's cerebral cortex structure. It comprises simple but densely interconnected elements 
called neurons which are arranged in layers. As in a black box, the signals received by the network 
through the input units are conyeyed and “transformed to the output neurons by a transfer function 
‘Through a calibration or “training” process the model response is known from the relative importance 
of weights assigned between neurons and strengths of connections between neurons from the 
information fed into the network. When used for the rainfall-runoff relationship, this model does 
not require understanding of the phy sical characteristics or hydrological processes going on in the 
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catchment, which may be said to be a drawback of the model. However, the model is being used in 
many hydrological applications such as constructing daily rainfall-runoff scries using linear regression, 
reservoir operations, forecasting river flows and other water resources variables, water quality 
predictions, groundwater reclamation problems, etc., besides being used in many other disciplines. 
vee Hydrologique Europeene) is a conceptual (or deterministic) model that attempts 
tomathematically describe (by way of equation) each part of the hydrological sequence and accounts, 
for spatial variations in the hydrological inputs and catchment responses. The SSARR model is 
briefly described below 
(b) SSARR Model 
The Streamflow Synthesis and Reservoir Regulation (SSARR) model is a generalized hydrologic 
simulation model and system processor for use in many types of applications for analyzing river 
and reservoir systems in areas like planning, design, operation and forecasting. In this mathematical 
hydrologic model, the stream flow can be synthesized by evaluating snowmelt and rainfall. It 
consists of three components: 

1, A generalized watershed model for synthesizing runoff from either snowmelt or rainfall or 

a combination of both from different sub-basins. 


















































ran TES Teo] ) — 
I | cin 
ee 

(C Raina (eer Snowmett_) 








Wolstare input 





Base flow 
infitation 
index 










Direct runoff 


Direct runoff 











Routing 












































‘STREAM FLOW 


Fig. 4.14. SSARR watershed runoff processes. 
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2. Ariversystem model for routing streamflows from upstream to downstream points through 
channel and lake storage. 
A reservoir regulation model whereby reservoir outflow and contents may be analysed in 
accordance with predetermined or synthesized inflow and free flow or any of several 
modes of operation. 

‘A schematic diagram of the SSARR model is shown in Fig. 4.14 

Computer models rely to a large extent on the skill and experience of the operator. This brings 
about subjectivity in the proposed values and adjustments of the different parameters. Another 
limitation of the mathematical model is that it can reproduce the runoff behaviour only within 
certain limits set by the initial setting of the model. But even with these limitations, watershed 
modelling has become a very important tool for establishing a real rainfall-runoff relationship for a 
catchment. 


Time Series Analysis 


From a long record of homogeneous hydrological events, such as rainfalls or streamflows, the 
chance or randomness of the occurrence of an event within space or time can be estimated by 
evaluating irregularities in the record. Thus, a stochastic process essentially contains elements of 
randomness, The time series analy sis secks to estimate these components of uncertainty or irregularity 
in the occurrence of an event in a hydrological process, The hydrological time series has the 
following main components: 

(a) Trend 

(b) Periodicity 

(c) Stationarity 

(d) Stochastic component 

While the trend and periodic components are deterministic, the stochastic component has the 
random fluctuations as well as persistence. 

‘Time series analy sis and synthesis are used in river flow modelling based on statistical techniques. 
The regression models most commonly used are the Thomas-Fiering model and the ARMA (Auto 
Regressive Moving Average) model. Details of these models are beyond the scope of this book. 


LOW FLOW ANALYSIS 


Estimates of low flow are needed in the design not only for hydro-power projects but in water 
supply projects and navigation projects as well, The low flow analysis is best done by probability 
studies, Fisher and Tippett (1928) have shown that if the smallest values of many large samples of 
a particular population are considered as an independent statistic, then distribution is independent of 
the population distribution. Gumbel (1954) analysed such extreme low flow values in order to 
determine their probability distribution and concluded that the distribution can be expressed by 


bt 
pa) = ow = | us) 





=e 


where p(q) is the probability of an extreme low flow, greater than or equal to q during the 
specified period 
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€ isthe minimum possible flow during the specified period, ie., the limiting asymptotic 
value 
@ isacharacteristically normal low flow 
& isa constant with lower and upper bounds of zero and unity. respectively 
When this distribution is fitted to the data under consideration, the magnitude of low flow 

corresponding to any given probability can be worked out. The probability of lowest dependability 
flow for the power generation can be estimated with such an analysis. Low flow sequences or 
drought studies are attracting greater attention in modem times. 


FLOOD RUNOFF 


Estimation of a flood means estimating the maximum peak value of the flood, its return period 
(recurrence interval) and its volume, including the history of rise and fall of its levels. Depending 
upon the importance and scale of the project. design floods of specified retum periods need to be 
established by probabilistic approach (frequency analysis). or prescribed project floods established 
using hydrometeorological approach. For example, fora medium storage project having a hydraulic 
head between, say, 12 m and 30 m or having a storage magnitude of between 10 Mm’ and 
60 Mm*, a standard project flood (SPF) is derived from standard project storm (or precipitation) 
using the unit hydrograph. Similarly, for a large project having a storage of more than 60 Mm* or 
head of more than 30 m, the Probable Maximum Flood (PMF) is derived from Probable Maximum. 
Precipitation (PMP), using the unit hydrograph, If the flood hydrograph can be developed, all the 
above information can be had readily. In the historical approach of empirical flood formulae, while 
the peak value can be calculated, the flood volumes or the time of rise and recession are not known. 
Even then, where any worthwhile data is not available, the flood formulae can still be of some use. 
‘Their regional character makes them applicable only overa limited region, A few such formulae are 
given below 
@ Dickens formula 
Q=ca*4 (4.16) 
where Q is in m*/s, A, the catchment area in km”, and C, a constant varying between 11 and 25. 
The formula is applicable for North Indian conditions 
(ii) Inglis formula 
GA 

o- era 
where Q and A are the same as in Dickens's formula, C, and C, are constants with values of 123 
and 10 respectively for peninsular India, 
i) Fuller formula 
Developed in the USA, Fuller formula deserves special note as it has the built-in concept of probability 
and return period. The formula is as follows: 


(417) 





Q.,, — CAS with C varying from 0.18 to 1.3 
Q, ~ 0, [1 + 0.8 log 7] (418) 


Quax oy 129 A yy 
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Here, @,,, is the average daily flood, Q, is the flood occurring approximately once in 7’ years 
and Q,q, is the absolute peak value in T years. The unit of measurement of Q is m*/s and that of 
Ais km? 

Most of such regional formulae have their local popularity. Alternatively, envelope curves forall 
observed flood data within a given region can be prepared and used for the region. The envelope 
curves are simple empirical relationships between the maximum peak flow experienced in a region 
and drainage area, These are curves that provide an upper bound on all observed floods of record 
plotted versus the basin area or on estimates of maximum probable floods in a region. It will be 
interesting to note that these flood formulae, which determine the maximum probable flood do not 
adopt rainfall intensity as a direct variable, explicitly. But since the catchment fixes the time of 
concentration and the time of concentration fixes the rainfall duration (see Chapter 3), the flood 
discharge formulae do have logical basis and cannot be said to be based on totally wrong premises. 
A major drawback, however, with the use of such formulae is the rather subjective decision about 
the value of the constants o be employed. Probability analysis is decidedly a more rational approach. 
(See the cight-fold variation in C in Eqn, 4.18). 


Flood Probability 


In Chapter 3 we discussed the return period concept and illustrated how even very rare precipitations 
can be forecast with the plottings on a suitable probability paper. An exactly similar procedure can 
be adopted for determining floods ofa given return period if sufficiently long and reliable record of 
data is available, The frequency analysis aims at interpreting a past record of events to forecast the 
probability of a Mlood of certain magnitude to occur in any specific time duration in future. The 
success of such estimation depends upon choosing an appropriate probability distribution that fits 
in with the data, The fitting can be done analytically or graphically. In the latter case, and the 
probability paper used for plotting a particular series of events should correspond to the adopted 
probability distribution, For example, for a normal distribution a normal probability paper is used, 
for an extreme-value distribution, the extreme value paper is used, and so on 
In the analytical approach, following are some of the distributions commonly employed for 
frequency analy sis: 
() Gumbel’s extreme value distribution { 
(ii) Log-Pearson type-I & II distributions 
(iz), Log-normal probability distribution 
(iv) Normal probability distribution 
(v) Gamma distribution 
(v?) Foster's distribution types T & TIT ete 
However, only Gumbel’s extreme value, Log-normal 
and Log-Pearson type-III distributions using the annual 
series’ data, generally meet the requirements of analysis, 
therefore, are commonly employed, The distributions are 
skew in the positive quadrant and have the general shape as shown in Fig. 4.15 











é 


Runoff magnitude —= 


Fig.4.15 General shape of flood 
distribution, 


The annual series comesponds to one maximum flood peak value for each year, respective of the fact 
that sufficiently high floods (but of lower magnitude than maximum) may also be occurring, during that 
‘year, A partial duration series is obtained by including all flood peaks in a year equal to or greater than 

cled flood magnitude. 
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@ Gumbel’s Extreme Value Distribution 
For fitting this distribution, the generalized frequency equation is 


O,= O+KSo (4.19) 
where Qs the flood discharge for desired return period 7 


Q is the mean value of observed data series Q/N, and 


5 is the standard deviation of observed data series 





(4.20) 





where Kis the frequency factor for Gumbel’s distribution, and 
Nis the no. of years of record (sample size) 

The value of K depends upon the length of record (sample size) and the return period. Table 4,3 
shows the values of frequency factor for various sample sizes and return periods, The intermediate 
values can be logarithmically interpolated without sacrificing much accuracy, Asan approximation, 
even linear interpolation would not bring in much variation. 

(i) Log-Pearson Type I Distribution 
For log-Pearson type-II probability distribution, three statistical parameters required to be computed 
are 














Log mean, log Q = (4.21) 
[= (log 0, —iog0)? 
Log standard deviation, S),_ a y peg! (4.22) 
~ Tog)? 
Log coeff. of skew, gy 9 = U0 2: —l08 O) (4.23) 


(N=10(N = 2)Sg 0)" 
The values of flood discharge for the required recurrence interval (Q,,) are computed using 
the following equation: 

Log Oy, = log 0+ K5-(Siogo) (424) 
where K,, is a skew curve factor X for a particular recurrence interval 7,, obtained from the Table 
4.4, The antilogarithm of log Q,,, gives the magnitude of the flood of the required return period. 
(ii) Log-normal Distribution 
The log-normal distribution isa particular form of log-Pearson-III distribution having a zero skewness 
coefficient (5.9 =). Therefore, the procedure for fitting the distribution is exactly similar to that 
for log-Pearson-lIII except that the value of skew curve factor K;,, in Eqn. (4.24) is to be read for 
a zero value of coefficient of skew ‘g’, An illustrative example given at the end of the chapter 
further explains the method of fitting various distributions, 

Confidence limits 

Due to various deficiencies such as sampling errors, inadequacy of database, computational 
maladjustments (due to a different theoretical distribution adopted), etc.. it is recommended to 
‘work out upper and lower confidence bands on either side of the fitted probability curve to signify 
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the limit of confidence that can be placed on the computed values. For hydrological studies, 95% 
confidence limit bands are worked out normally. Thus, the confidence interval can be computed 
with limits 





Upper 95% confidence limit 
and Lower 95% confidence limit 


Oy, + UO)S, 
Oy, ~ oy (4.28) 
where fis the standard normal variate for a specific confidence level o. and S, is the standard error 
of estimate, given by the formula 








_ 5 Tablea2 


(4.26) 
ww Confidence | Standard normal 
where t is a factor derived from Gumbel’s level (ct) variate 1(c) 
frequency factor “K" using the relationship 


























1 959% 1960 
5 2 90% 161s 

ta YiFT 14k, +110K7, 2D |G 80% 1282 
4 68% 1.000 





where K,, is the numerical value of K factor for a 
specific return period obtained from Table 4.3. 
The value of in Eqn, 4.25 can be obtained from Table 4,2. 
The values computed from Eqn, 4.25 represent the upper and lower confidence limits at the 
given recurrence interval T,, These bands are generally plotted on either side of the fitted distribution 
curve on the appropriate probability paper signifying the reliability of the fitted curve. 


Table 4.3 Froquency factors for gumbel disthbution 
Sample size Retwyn period in years 


N | 5 | 10 | 15 | 20 | 25 | 30| so] 60] 75] 100] 200| 500] 1000 








0,967 | 1.703 | 2117 | 2.410 | 2632 


18 3321 | 3501 | 3.721) 4005] 4685| 5585| 6265} 
20 | 0.919 | 1.625 | 2023 | 2302 | 2517 
25 


3.179] 3352| 3563) 3836] 4490| 5353] 6006] 





ssa 1.963 | 2.235 | 2.444 30088] 3257| 3.463) 3.729] 4365 5842] 
30 | 0866 | 1541 | 1.922] 2.188 | 2393 3026] 3191 | 3393) 3.653] 4279 3721] 
35 | gst | 1516 | 1891 | 2.152 | 2354 2979] 3142| 3341| 3.598] 4.214 5641 
40 | 0.838 | 1.495 | 1.866 | 2.126 | 2326 2943] 3.104] 3301) 3.554] 4.164 5576] 


43 | 0.829 | 1.478 | 1.847 | 2.104 | 2303 
50 | 0820 | 1.466 | 1.831 | 2086 | 2.283 
35 | 0813 | 14s | 191s | 2071 | 2267 


2913] 3078| 3268) 3.520] 4.123 
2889] 3048 | 3241| 3491] 4.090 
2869] 3027] 3219) 3.467] 4.062 


60 | 0.807 | 1.446 | 1.806 | 2059 | 2.253 
65 | 0801 | 1437 | 1.796 | 2088 | 2241 
70 | 0797 | 1.430 | 1.788 | 2038 | 2230 


2882] 3.008] 3200) 3.446] 4.030 
2837] 2992| 3.183) 3.429] 4018 
2824] 2979 3.169) 3.413] 4.000 





75 | 072 1.780 | 2029 | 2220 | 2.377| 2812] 2967) 3.155] 3.400] 3.984 
80 | 0788 1.773 | 2020 | 2.212 | 2368 | 2802] 2956) 3.145] 3387] 3.970 
95 | 0785 1.767 | 2013 | 2.205 | 2361 | 2793] 2916) 3.135] 3376] 3.957 
90 | 0782 1.762 | 2.007 | 2.198 | 2353 | 2785] 2938) 3.125 3.945) 
95 | 0780 1.757 | 2.002 | 2.193 | 2347 | 277] 2930] 3.116 3935 



















































too | 0779 1.752 | 1.998 | 2.187 | 2341 | 2770] 2922 | 3.109 3.925 
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ble 4.4 Skew curve factor, K, for use with log-Pearson type: distribution 
Coefficient Recurrence interval in years 
ofskew @) [2 5 10 25 50 100200 1000 
Per cent chance of occurrence 
50 20 10 4 2 1 as OL 
30 0396 | 0420 | 1iso | 2278 | 3152 | 4os1 | 49m | 7250 
25 0360 | 0518 | 1250 | 2262 | 30% | 3845 | 4652 | Goo 
22 0330 | 0574 | 1284 | 2240 | 2970 | 3705 | 4444 | 6200 
20 0307 | 0609 | 1302 | 2219 | 2912 | 3605 | 4298 | solo 
18 0282 | 0613 | 1318 | 2193 | 2818 | 34% | aua7 | soc 
16 0254 | 0675 | 1329 | 2163 | 2780 | 3388 | 39% | 53% 
14 0225 | 07s | 1337 | 2128 | 2706 | 32 | 3xx | sito 
12 -0195 | 0732 | 134 | 2087 | 266 | 3149 | 3661 | 4820 
10 0164 | 0758 | 134 | 2043 | 2542 | 3022 | 3489 | 4540 
9 40148 | 0769 | 1339 | 2018 | 2498 | 2957 | 3401 | 4395 
8 0132 | 0780 | 1336 | 1998 | 2453 | 281 | 312 | 4250 
7 -a116 | 0790 | 1333 | 1967 | 2407 | 2924 | 3223 | 4.105 
6 099 | 0800 | 1328 | 1939 | 2359 | 2755 | 3432 | 3960 
5 0.083 | osos | 1323 | 1910 | 231 | 26% | 30H | 32i5 
4 0.066 | ose | 1317 | 1880 | 2261 | 2613 | 2949 | 3670 
3 0050 | 0824 | 1309 | 1849 | 221 | 2544 | 2850 | 3525 
2 0033 | 0830 | 1301 | isis | 2 2am | 276 | 3380 
1 0017 | 0836 | 1292 | 1785 | 2107 | 2400 | 26% | 3235 
0 0 osi2 | 122 | 17st | 2054 | 2326 | 257% | 309 
-1 oor7 | 0836 | 1270 | 1716 | 2000 | 2252 | 248 | 2950 
-2 0033 | 850 | 1258 | 1oso | 194s | 2178 | 2388 | 2810 
“3 0050 | 085s | 1243 | 1643 | 1890 | 2104 | 2204 | 2675 
—4 0066 | 085s | 1231 | 1606 | 1834 | 2029 | 2201 
-5 oss | 0856 | 1216 | 1567 | 177 | 1955 | 2108 
-6 ooo | 0857 | 1200 | 1528 | 1720 | 198 | 2016 | 2275 
16 | o8s7 | 1is3 | 1488 | 1663 | 1806 | 1926 | 2150 
0132 | 0856 | 1166 | 1448 | 1606 | 1733 | 1837 | 2035 
14s | 0854 | tose | 1282 | 1379 | 1499 | L501 | 1625 
ote | 0852 | 1128 | 1366 | 1492 | 1388 | 1664 | 1.800 
019s | sss | 1086 | 1282 | 137 | 1449 | ison | 1635 
025 | 0832 | ton | 1a9s | 12% | 13s | 13s1 | 1465 
16 o2s4 | o8i7 | os | ine | 1166 | Lis7 | 1216 | 1280 
a8 022 | 0832 | ron | tas | 12m | 13s | 1351 | 146s 
20 0307 | 07 | 089s | 0959 | 098 | 099 | 0995 | 1.000 
22 0330 | 0752 | ost | oxss | 0900 | 0905 | 0907 10 
25 030 | o711 | 077 | 0793 | 0798 | 0799 | ox | 802 
30 03% | 0636 | 0660 | a666 | 06656 | 0667 | 0667 668 
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Probability Paper 
Probability method can also be employed graphically. The available annual flood data can be plotted 
against their corresponding return periods on a specially prepared (distorted scale) graph paper, 
Jnownas probability paper, This straight line plot can then be extrapolated to read the flood magnitude 
against any desired return period, ‘The extreme value probability paper developed by Gumbel 
Powell can be useful for such extrapolations because the extreme value distribution given by 
Eqn. 4.18 plots as a straight line on such a paper. 


UNIT HYDROGRAPH METHOD 


The unit hydrograph method, first proposed by LK Sherman in 1932 has become an extremely 
useful and powerful tool for estimating floods. Its main advantage is that instead of giving the peak 
flood value only, it can generate the entire flood hydrograph corresponding to any anticipated 
storm. This is rather important as our flood analy'sis has to start from the entire flood hydrograph 
shape rather than only the peak value. Secondly, this method is much more rational than the 
empirical flood formulae discussed earlier. 

Unit hydrograph may be defined as the direct runoff graph corresponding to an effective unit 
precipitation (such as | cm of rainfall) in a specific duration, The precipitation is presumed to occur 
uniformly over the entire catchment. Three important conditions are implied in the above definition, 
Firstly, the precipitation is effective, ic., excess, after the abstractions are deducted. Thus the total 
precipitation volume must equal the volume indicated by the hydrograph curve, For the unit 
hhydrograph, the direct runoff therefore corresponds to unit 

Secondly, the time of occurrence of the unit precipitation is specific. This could be 3 hours, 
4hours, 6 hours or 12 hours, or something else. For each duration the shape of the unit hydrograph 
would be different. For example, a 4-h unit hy drograph is corresponding to an effective precipitation 
of 1/4 cm/h for 4 hours uniformly. ‘Thus, all unit hydrographs have to have a specific duration. 

Thirdly, the unit hydrograph is a device to correlate direct runoff with excess precipitation. 
Therefore, the resulting plot does not include the base flow. Separation of the base flow from the 
direct runoff is an essential feature of the unit hydrograph. 






Assumptions 


Itis important to note that some assumptions have been made in the unit hydrograph method, They 
are as follows: 


(0) The base period of a direct runoff hydrograph corresponding to the storm of the same 
duration but different intensities is always constant for a given catchment (Fig 4.16(a)). 

(i#) The direct runoff hydrograph from a catchment corresponding to a given period of 
rainfall reflects all the physical characteristics of the basin lumped together. Thus, unit 
hydrograph can be looked upon as the catchment response to an input precipitation of 
1 cm in the same specified time 

(iti) The principle of linearity applies yery much. This means that the direct runoff at any 
instant is directly proportional to the intensity of precipitation (Fig. 4.16(b)) 

(iv) The principle of superposition applies too, The combined hydrograph of the successive 
rainfalls can be obtained by finding the direct runoffs for each rainfall period separately 
and then superposing all such hydrographs (Fig. 4,16(c)). 


Runowe ano Stream Flow | 89 























hos 
Reinfa Z) 
Ciena: Hyetograph 
| Som A 
& 
£ Storm B | 
3 
a & 
= Base perca——] 
Tine —= 
Time = 
Fig. 4.16(a) Two storms of equal duration, Fig. 4.16(b) Increase in hydrograph ordinate 
wih intensity 
fp 2h ste 2h of 
Rainfall | j-— Hyetograph 
intensity 
4 Hydrograph 





Time 


Fig. 4.16(¢) Identical hydrographs with a shift. 


Application of Unit Hydrograph Method 


Unit hydrograph method finds application at two places 

(#) To arrive at the unit hydrograph of a suitable duration for the catchment under 
consideration. 

(ii) Tose the unit hydrograph so derived to work out the flood hydrograph corresponding 
to any storm, For design purposes, a design storm is assumed which will, with the help 
of unit hydrograph give a design flood hydrograph, 

For the first case, the usual method is to take various simple single peaked storm hydrographs 
observed in the past and to reduce them to a unit hydrograph. The assumed unit hydrograph is then 
a mean curve of all those unit hydrographs. The process of reduction of a flood hydrograph to a 
unit hydrograph consists of the following steps: 

(i) For the chosen storm, plot the flood hydrograph. 

(ii) Estimate the base flow curve, and from the total runoff. obtain direct runoff (DRO) by 
deducting the base flow magnitudes. Thus, in Fig. 4.17, from the total runoff ordinate 
‘pr, the base flow ordinate qr is subtracted so as to get the direct runoff ordinate pq 
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(iti) Find the volume of the runoff which 
would correspond to the area under 
the direct runoff hydrograph. 

(iv) Find the equivalent depth of runoff 
by dividing the catchment area, This 
runoff depth is also the effective 
precipitation depth over the basin. 
Note the time duration of the 
precipitation, 

(v) Divide each ordinate of DRO by the 
precipitation depth. —— 

‘The resultant ordinates are then the UH (unit Fig.417 Ahycrograph 

hydrograph) ordinates, The direct runoff depth 
or the effective precipitation depth, thus, can also be expressed as 


zOxt 
© 


Discharge —~ 





Direct runoff depth = 0.36 m (4.22) 


where £0 is the summation of the direct runoff ordinates in cumec. 
1s the time interval in hours between successive ordinates, 
iis the area of the basin in square kilometres 


‘The unit hydrograph ordinates will thus be 





UH ordinates = Omtinates of direct runoff 


ee (4.23) 
Depth of direct runoff 


For the second aspect, the reverse procedure is to be applied. Namely, since the unit hydrograph 

is known and the design storm is assumed, we proceed as follows: 

(®) Plot the assumed design storm as a bar-diagram with the unit hydrograph duration as the 
time interval. For example, storm of 16-hour duration will be represented as four rainfall 
intervals of four hours cach, if a four-hour unit hydrograph is given 

(ii) Subtract the infiltration losses to obtain effective precipitation. 

(itt) Applying linearity and superposition principles, obtain hydrographs corresponding to 
each storm interval by multiplying the unit hydrograph ordinates by the precipitation 
depths during the interval. 

(iv) Add the ordinates of the hydrographs corresponding to each time interval to obtain the 
direct runoff hydrograph for the composite storm 

() Add the estimated base flow to get the anticipated flood hydrograph, 


‘Two examples given at the end will illustrate the application of the unit hydrograph, 


Base Flow Separation 
thas been mentioned earlier that for the UH method, base flow separation is necessary. From any 
hydrograph, base flow curve can be drawn empirically, The following methods are used: 


(i) Locate a point E on the recession limb and assume that the runoff after E consists solely of 
the base flow. Sec Fig. 4,17. Join AE by a curye which is falling from A to F and rising from F to 
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E, where F is a point vertically below B. Many a time, a straight line AGE meets the requirements 
for practical purposes. It has been observed that the base flow values of small catchments during 
flood seasons vary between 0.05 cumec/sq. km (in Gangetic plains, Cauvery, J&K etc,) and 0.44 
cumec/sq, km (in Brahmaputra basin) 

‘The location of point E is the one where the slope of the recession curve changes abruptly. As 
a rough guide, the horizontal distance BE is given by 


N= 0.84 49? (4.24) 


where Vis in days and A is the basin arca in sq. km. Further refinement in base flow separation is 
not warranted as usually it forms a very insignificant part of high floods. Very often, a constant 
value of base-flow is sufficient. 


Limitations of UH Method 


‘The UH method has some limitations too. Firstly, its success depends upon the design storm taken 
for calculating the design flood. If the selection of the design storm and its time distribution is not 
done carefully, results can be disastrously wrong, Secondly, the method assumes a deterministic 
form of the unit hydrograph for any catchment. This is an oversimplification of the problem. 
Thirdly, the unit hydrograph has a specific duration such as 6-hour UH and 12-hour UH, This 
duration is an integral part in the procedure but is completely arbitrary and subjective. Asa result, if 
design flood calculations are made with 12-hour UH and then repeated with 6-hour UH, the results 
would be different. Fourthly, the unit hydrograph method cannot be used for very large catchments 
Its use up to catchment areas of 5,000 km? is quite admissible but with a little approximation could 
be extended up to 10,000 km?. For larger catchments, this method cannot be used directly. In such 
cases, the method can be used independently for sub-basins and then the basin flood hydrograph 
could be obtained by flood-routing procedures. Lastly. the assumption of linearity in the whole 
procedure does not seem to be justified. As a matter of fact, flood runoff'is essentially a non-linear 
process. Itis seen that the peak ordinates of unit hydrograph derived from major flood hydrographs 
are high by as much as 50 per cent than those derived from minor flood hydrographs, 
Adaptations! of the Unit Hydrograph 

A number of interesting developments have taken place during the past forty years which make the 
UH method mote versatile, Development of Instantancous Unit Hydrograph (TUH) has removed the 
difficulty of using a unit hydrograph of a definite duration. IUH is a unit hydrograph as the result of 
an instantaneous application of | cm rainfall excess to the given catchment. The [UH in conjunction 
with the design storm can be used to obtain the design flood by using a convolution integral. The 
IUH was first proposed by Clark (1945). It can be developed either directly from the observed data 
or by adopting conceptual models, 

To obtain unit hydrographs of any other duration from an available unit hydrograph of a given 
duration, a different technique called S-hydrograph is used. S-hydrograph basically corresponds to 
a rainfall excess at a uniform rate falling for an infinitely long duration, It has typical S-type rising 
limbs which become asymptotic to a constant value of flow (Fig, 4.18). Sometimes, S-hydrograph 





' Only a brief mention of all these procedures is made in the book. 
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is also called summation-hydrograph. If an S- Hverearann 
hhydrograph i displaced through a period of 7hours. LALULULLLLLLLLLLLLLLLLLLIL La 
the difference in ordinates between the original and SSS. ’—>7"6os 
the displaced one would give the ordinate of the | oftsothyetograph 

unit hydrograph of T hours’ duration, This H 

procedure is possible, as the principle of || | 
superposition isapplicable in unithydrograph theory, i 





‘S-hydrograph 







The constant outflow Q on a catchment of A sq 
km from a rainfall excess at the rate of 1/7'cm/h is 
givenby 


Offset S-hydrograph 
UH ordinate 


278A. 5 
O= m/s (4.25) 
ore 











Fig. 4.18 S-hydrographs. 


SYNTHETIC UNIT HYDROGRAPH 


For an ungauged basin or when the observed short-term discharge data during the high floods ina 
basin to obtain a flood hydrograph is not available, the unit hydrograph can also be derived from the 
characteristic of the catchment, First proposing the method to work out the synthetic unit hydrograph, 
Snyder (1938) found that the three factors to construct the unit graph, namely, the basin lag, time 
base and the peak flow could be expressed as follows (see also Fig. 4.19) 





Basin lag 1,7 CEL (4.26) 
640C,.A 
Peak flow = 427 
te 
1 
‘Time base Pa34e (4.28) 


(4.29) 





In the above expressions, the basin lag , in hours is defined as the time difference between the 
centroid of rainfall excess and the centroid of runoff. For convenience, however, lag time may be 
approximately taken as time to peak which is defined as the time interval between the centroid of 
rainfall excess and the peak of the UH. 

Lis the length of the main stream from the outlet to the divide in miles 

isthe distance in miles from the outlet toa point on the main stream nearest to the centroid ofthe basin; 
C, is the characteristic time constant for the basin, found to be varying between 1.0 and 2.2, with 
lower values for basins with steeper slopes; 

Q, is the peak flow in cusec: 

C,, is another characteristic constant of the basin generally having a range from 0,56 to 0,69, lower 
values indicate steeper topography: 

Als the basin area in sq. miles: 

is the time base of the hydrograph in days; 

1, is the standard duration of rainfall in hours, 
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Ifthe figure for actually observed unit rainfall duration is not available, itis advisable to calculate 
the same assuming different values of unit duration by trial and error from the S-curve technique 
such that the discharge of the resultant S-curve does not vary by more than + 2% of the equilibrium. 
discharge (as given by Eqn. 4.31). The terminal discharges of the S-curve also should not fluctuate 
appreciably. 

For any duration f, other than ¢, the lag is expressed as 


(4.30) 





for which, 
640C 





Qpp= 431 


top 
The US Comps of Engincers suggested the expression for time lag incorporating the slope of the 


channel as 
= of 2) (432) 


where /, is the time lag (approximately taken as time to peak in hours), ‘S" is the time coefficient of 
the catchment, having a value varying from 0.08 for an urban impervious watershed to 1.2 for a 
mountainous watershed with steep rock channels, For foothill catchments, C/ = 0.72 and for 
valley catchments itis 0.35 

‘The statistical or weighted mean slope “S" of the stream is calculated by the expression 


2 
(4.33) 








are slopes of the stream in the reaches of lengths J, /,.. respectively into which 
the whole length ‘L’ of the stream is divided. Anillustrative example at the end shows the calculation 
of weighted mean slope of the river. 

Since a large variation in the values of C,, and C, is observed in the field, it is advisable to 
calculate these values from the gauged site in a homogeneous basin or from the unit hydrograph at 
nother site in the same basin, Four additional points can be obtained for plotting on a unit hydrograph 
as widths W,,, and Wq at discharges equal to 75% and 50%, respectively, for the peak discharge 
Q,, The US Comps of Engineers estimated these widths as below 





Wg > Ae in hours (434) 
Gp 
) 
Wg = 7. in hours 


? 
where g, is the peak discharge per sq, mile of catchment area, From Fig. 4.18, it may be seen that 
as altemative to Eqn. 4.28 the base time 7'may also be found from 
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T= 244°? +1, + (hours) (435) 
where A is in square miles, 


thas also been observed that the time base is approximately 4 to 5 times the time to peak the 


UH from the beginning of the hydrograph, 
The above formulae were originally given in FPS units. These are included as such in their 
original form, The same have also been converted into MKS units and are given in Table 4.5 


Table 4.5 Synthetic UH parameters in FPSand MKS units: 

















S.No. | Formula in FPS Comments |Equivatent formula in| Comments 
units(" UH) MKS units(1 em UH) 

1 10t02.2 1,=0.75C, LL | C,=0.75t01.66 

2 C,=0.56 100.69 9204.83 

3 =0.08t0 1.2 5610084 


yin cusecisq, mile dy its cumee/sq, km 





do- 





lo. Wy= 























An illustrative example given at the end would further clarify the method of developing a 
synthetic unit hydrograph for an ungauged catchment. 














‘The Central Water Commission (CWC) of tp 
India has suggested the following representative 5 pr he 
2-hour UH parameters for upper Indo-Gangetic + 
plains — 
0649 
= 2030 t [\ 


1.858(Q,) 18 


° 
3 

s) fess 

: 4 
2 
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Q (cues) 





Wyo 2.2110,)° 
W,5= LATO, 
s aa 
Ws = 0.812(0,) °°" 01 29 4 5 6 
b}-— tay) 4 


Wang = 0:806(0,)°™" 
Ty 7-744,” 
In these expressions, Q,) represents peak discharge of UH in cumec, /. is the length (km) of the 
longest main stream along the river course, S is the equivalent stream slope (m/km), W,,<, and 
W gos tepresent rising side of UH measured in hours at discharge ordinate equal to 50% and 75% of 
Q, respectively. and 7), is base width (h) of the UH as illustrated in Fig. 4.19. 


Fig.4.19 Synthotichydragraph parameters. 








Similar parameters have also been suggested for other regions, like Godavari, Mahanadi, Krishna 
and Brahmaputra basins also 
For Westem Himalayan Zone 7, for example, the synthetic unit hydrograph parameters for a 
rainfed area 4, are given by CWC as in Table 4.6: 
Table 4.8 Empirical eations for synthetic unit hydrograph 


Parameters Formula 





0178 


r 


i, son 


*) 


dy 1.048(1,.) 




















WRey 0.1891 5g) 
WR, 0.41900.) 
Ty 7.84544,)4 
op 4y* Ar 





Illustrative Example 4.9 shows the derivation of a synthetic unit hydrograph for a catchment of 
a project in Western Himalayan Zone 7. 


ILLUSTRATIVE EXAMPLES 





Example 4.1 


‘The accompanying table (columns 1 and 2) indicates the average monthly’ flow rate of a river 
corresponding to the driest year on record: 











Month Average monthly discharge Cumulative volume 
(cumee-months) eumec-months) 
D @ 8) 
January 110 110 
February 90 200 
March 7” 270 
April 50 320 
May 30 350 
Sune 25 350 
July 65 440 
August 20 660 
September 300 960 
October 190 1150 
November 115 1265 
December 110 1375 
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() Calculate the minimum storage capacity for power generation at a uniform discharge rate 


of 85 m/s, 


(i) Ifthe reservoir capacity is fixed at 270 cumee-month, what uniform rate of withdrawal is 


possible? 


‘Assume an average month = 30.4 days 
(1 cumec-month = 1*86,400*30.4 cu. m=2,626,560.m') 


Solution: 


From the data provided, the cumulative values are calculated as in Column (3). A mass curve is 


plotted trom these values as shown 
in Fig. 4.20 in which a demand line 
is shown with slope equal to 85 
cumee. From the peak 4 of the 
curve, a tangent AD is drawn 
parallel to the demand line. The 
maximum ordinate ab gives the 
capacity of the reservoir having a 
value of 190 cumee-months 

To calculate the safe yield 
\when the reservoir capacity is 270 
cumee-month, « tangent from the 
point is drawn such that the 
‘maximum ondinate ch is equal to 270 
ccumee-month. The slope of the line 
AF is found from the accompany 
ing diagram as 100 cumee, (The 
exact answer by numerical 
‘computation is 185 cumec-month) 








Example 4.2 


‘The following data (columns 1, 2, 3 and 4) indicates the flow of a river for a dry 


1400 


2000 


1000 
7 


Demand line 
(85 cumec) 






g 


a 


Cumulative volume (cumee-manths) —= 


600 
400 
200 
° 
§B22 5325 8528 
Months —= 
Fig. 420, 





proposed to locate a dam at this site where the losses and other requirements are given. Calculate 


the required storage 









































Monih Inflow | Lossesand | Demand | Adjusted | Departure | Cumulative 
Meum | otherreg- | Afcum | — inflow from — | departure 
irements Meum | storage | Meum 
Meum Meum 
wo @ o 0 o a 
=er-19)_| =O 
January 1500 1130 200 370 “170 
February 1430 1135 220 295 15 
March 1350 14s 300 205 ~ 95 -95 
April 1280 1143 280 135 145 240 
May 1220 1260 300 40 340 580 
June 1180 1280 300 | ~100 — 400 980, 
duly 1350 1170 300 180 120 1100 
August 1900 1140 300 760 +460 640 
September 2010 1133 280 875 + 595 45 
October 1520 1140 250 380 +130 - 
November 1430 114s 220 285 65 = 
December 1240 1153 180 85 95 93 
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Solution: 

From the values of inflow and losses and other requirements, the adjusted inflow is caleulated 
bby deducting the losses from the inflow and tabulated as in column (5). Wherever the demand 
exceeds the inflovy, the balance will have to be provided from the storage. ‘The magnitude of flow 
required from the storage is calculated in column (6) as negative departures. Thus, the total 
required storage is the maximum of the cumulative values of departures (requirements) as 
‘worked out in column (7). Thus, the storage required is 1100 M eu, m. Tt should be noted that 
after the month of September, the reservoir will be full again and hence the requirement of 
95M cu, m in the month of December will be met out of this storage. 








Example 4.3 


Columns 1, 2, 4, 5 and 8 in the table given below refer to month, mean flow rate, rainfall 
evaporation and demand values respectively for a proposed reservoir site. Assuming the reservoir 
area to be 6,04) hectares, estimate the reservoir capacity 






































Month Mean |Monthiy | Raine | Evapo- | Net | Storage |Demand| With 
monthly | flow | fall | ration | vol. | (ham) | (ha-mm) | drawal 
Stow | volume | (em) | (em) | gain from 
(cumee) | (ha-mm) tha-m) storage 
w= | m= a= 
o @ | & @ | & |ws|lero| o [ao 
July 27 [7100 | 135 | 1550 |-120 | 6980 | 1250 = 
‘August 29 | 7750 | 173 | 730 | 600 | 8350 | 1875 
September 30 | 78so | 14.00 | soo | 360 | s240 | 2500 
October 27 | 7100 | 250 | 1250 |-6oo | 6500 | 3750 = 
November 31 | siso | 030 | 630 | 360 | 7790 | 4300 
December 1s | 3040 | 000 | 400 | 240 | 3700 | 4500 800 
January 6 | 1575 | 000 | 500 |-300 | 1275 | 4500 | -a225 
February 3 | 790 | 000 | 800 |-480 | 310 | 4400 | —4090 
March 1 | 262 | 000 | 10.00 | 600 | -¥62 | 4250 | siz 
April 2 | 325 | 200 | 13.00 | -s40 |-1065 | 2500 3565, 
May 7 | 1840 45 | 19.50 | -900 | 940 | 2250 1310 
June 1 | 262 | 10.00 | 20.00 | 600 | 338 | 1250 1588 
£19690 





Solution 
From the given data of monthly flow, evaporation and rainfall (over the reservoir surface), The 
total adjusted monthly volumetric inflow in column 7 is calculated as below 


Column 3 =Column (2) * 





Column 6 = (Cota Cota 9600 ham 
Column 7 =(3)+(6) 
Column 9 = (Column 7)— (Column 8) 
(only -ve values) 
Column (9) 
(Note: Each month is assumed to be of 304 days and the calculations are carried out over a 
hydrologic year starting trom the monsoon months), 





Tolal reservoir capacity = 


‘Thus, reservoir capacity = 19,690 ha-m. 
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Example 4.4 


Fora small eatchment of 230 sq. ki area, following are the observations of flow from a six-hour 
duration storm. The values of base flow have also been given. Derive and plot a six-hour 
hydrograph, Calculate the rainfall excess due to the storm, 




































































Dawe Hour Flow Base flow 
femme) fcumec) 
15uly 000 15 15 
600 190 10 
1200 308 5 
1800 227 7 
\6luly 000 148 8 
0500 o 9 
1200 61 n 
1800 35 1B 
17ly 000 15 18 
Solution: 
‘The solution of the problem is given in the tabular form as below 
Date Hows | Oniinares of | Baseflow | Ordinates Ondinate 
worm — | hrvdrograph | (cumec) of direct of mut 
(cumec) ref Ieboxraph 
(cumec) (cumec 
o @ 6) o 
=a)-2) (37936 
15tuly nao 15 15 0 a 
ao 190 10 180 19.22 
1200 305 5 300 32.05 
1800 227 7 20 23.05 
16,uly ooao 148 8 140 14.95 
0600 4 9 85 9.08 
1200 “a n 30 535 
1800 35 13 2 235 
17uly ova 15 15 o 0 
0 ~ 997 eumee 
Rainfall excess = 0.36 DOs 
0.36%997x6 
—— 36cm 
230 
Example 4.5 


A storm gave the rainfall excess of 4 em, 6 em and 5 em at successive six-hour intervals, Work out 
a storm hydrograph from the six-hour storm when the unit hydrograph ordinates are given as 
below: (Assume a constant base flow of 15 cumee.) 
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Solution: 





Tone 


‘Six-hour 
UTT ordinates (cumec) 








0600 
1200 
1800 

2400 

0600 
1200 
1800 

2400 

0600 
1200 
1800 

2400 

0600 





150 











Here the storm is split into three parts. Thus, the hydrographs for each part are computed 
separately and added to get a composite total runoff hydrograph. There is a rainfall excess of 
4-em during 0600 hours to 1200 hours, 6 em during 1200 hours to 1800 hours and 5 em during 
1800 hours to 2400 hours. The solution is tabulated as below. 






































Tame | Six-hour | Rainfatt Surface nanoff from Base | Total 
UH | excess rainfall excess (cumec) flow | rmoff 
feumee) | (em) (cumec) | ordinates 
(cumee) 
a Q @ wo 3 
tem | Gem | Sem | Tonal 
0600 o 4 if — = 0 15 15 
1200 150 6 600 0 600 15 ois 
1800 385 5 1540 | 900 o | 2480 15 | 2455 
2400 500 — | 2000 | 2310 | 750 | soso 15 5075 
0600 470 = 1880 | 3000 | 1925 | 680s 15 
1200 390 = 1560 | 2820 | 2500 | 6R8o 15 
1800 300 1200 | 2340 | 2350 | 5890 15 
2400 215 860 | 1800 | 1950 | 4610 1s 
600 130 s20 | 1290 | 1500 | 3310 1s 
1200 80 = 320 | 70 | 107s | 2175 15 
1800 40 160 | 480 | 650 | 1290 1s 
2400 15 60 | 240 | 400 | 700 15 713 
0600 o 7 o | 90 | 20 | 290 1s 308 
1200 o | 7 1S 15 90 
1800 0 0 15 15 
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Example 4.6 


A hydrograph, the ordinates of which are given below, was generated as a result of two storms 
of rainfall excess 2.5 em and 3 em occurring successively al six-hour interval. Derive and plot the 
six-hour tnit hydrograph for the basin whose area is 116.8 sq. km. 



































































Tat dy nd en 
Time of3]fe]o]uzfis)wlaja|sfo]o 
Hydrograph 
ondinates o | 25 | 70} ro] 126] 119] 66 }376] 23 | 12 | 6 | o 
(come) 

Solution: 

Hours = 
oe 2 
Toa | Ta 
218 em) 31S en 
130 
120 
oy not 
Hydrgraph 
a hares 
gu 
c 
ra 
é Unithyograph 
40 
20 
° seme 
Coeerswn as oo 
“Tene (hours), —= 
Fig. 4.21. 
‘We know that the total runoff hydrograph is obtained by multiplying the ordinates of the shifted 





‘unit hydrographs by the corresponding rainfall excess and adding, Thus, from Fig. 421. if Uy, 
U), Uy Us ete, are the UH ordinates and Q,, Q,, Q2, Q; ete. are the total ninoff ordinates then, 





‘Therefore Ui, = 10.0eumee 
Therefore U, = 28.0cumee 
‘Therefore U', = 32.0cumee 
‘Therefore U, = 17.0cumee 
‘Therefore U, = 9.2 cumee 








astra 
250,40 = 













235U,+3U Therefore U,= 6.0 cumee 
2SU,+3U, Therefore U; = 4.0 cumee 
2SUgt3U, ‘Therefore Ui, = 2.0 cumee 
23U,+3U, Therefore Uy = _O-cumee 


BO = 1082 cumec 
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‘The unit hydrograph is plotted with its ordinates U,, Uy, Uy... ete, as in Fig, 4.21. To check 
‘whether the ordinates are correct, the unit hydrograph should give an area or rainfall exeess of 





Tem. Thus, 
Rainfall excess = 236%20x¢ 
A 
= 0:36X108,2x3 _ 
= DSCNS = Lem. 
1168 
Example 4.7 


For computing the storage of water for the Ramganga dam project (India), the following 
observations were taken for rainfall for each month of the year and the corresponding rainfall- 
runoff relationship was derived (columns 1, 2 and 3): 








Month Rainfall Rainfall-ranelf Runoff | Total storage 

relationship fem) Ei) xArea 
w Q 6 o a 

June 3 Ry = 0.102 Py en 

July 38.5 R, = 0319 P, 13 30,400 haem 

August 307 Rg = 0.744 Py 28.1 

September 30.5 Ry ~ 0.074 Py ~ 0.681 P, | 23.57 

October 18.5 Ry = 0.105 P, $0975 7, | 21.25 

November 18 R= 0484 P 3.63, 

December 70 R= 0484 P 3.385 

January 40 R- 0484 P 1.935, 

February 38 R= 0484 P 184 

March 29 R= 0484 P 140 

April 21 R~0484P Lois 

May 0s R= 0484 P 0242 























\where 2 represents runolT and P represents rainfall, The subscripts denote the number of month 
of the year. Calculate the tolal volume of water available from the drainage basin, the area of 
\which is 3,098 sq. km, Also find out the average runofT eoefficient for the year 

Solution: 

From the rainfall-unoff relationship given in column (3), the runoff values for the corresponding 
‘months are calculated and tabulated in column (4) "Thus, the total runoff for the year is 98.18 cm 
and the quantity of water available is 
98.18, 3098%10° 
100 10% 





=30,400 ham 


The average runofT coefficient = =X _ Seolumn 4 


=P column 2 





Example 4.8 


‘The observed monsoon flood values observed in a small stream are tabulated below. Carry out 
the frequeney analysis by 

(@ Log-Pearson type-II method 

i) Log-normal method and 
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(ii), Gumbel’s method to determine the floods of return periods 10, 25 and 50 years for diversion. 
Also calculate the magnitude of flood with a retum period of 50 years and 100 years with 
95% confidence limits using Gumbel’s extreme Value distribution 





Tear Discharge (cumec) 
1963 197.14 
1964 223.99 
1965 197.00 
1966 252.02 
1967 211.32 
1968 350.05, 
1969 412.80 
1970 348.11 
1971 209.47 
1972 203.20 
1973 730.36 
1974 288.08 
1975, 238.79 
1976 317.21 
1977 255.42 
1978 336.07 
1979 353.76 
1980 206.07 
1981 353.93, 














Solution: 
() Log-Pearson Type-HI Method 























@ og. @ {log Q — fog 
197.14 2.2948 3.7137 » 10% 
223.99 2.35022 9.2571» 104 
252.02 2.4014 1.1123» 104 
197.00 2.2945 3.7354» 107 
211.32 2.3249 -1.9418 © 10> 
350.05 2.34413 8431» 10+ 
412.80 2.61574 4.5809 © 10% 
348.11 2.54172 7.8021 ~ 10% 
209.47 2.32112 2.1238 « 109 
203.20 2.3079 2.8487 - 10° 
730.36 2.86354 o.o709 
288.08 2.4595 9.5276 » 107 
238.79 3.6798 « 107 
317.21 1377 * 104 
255.42 7.6278 = 10% 
336.07 4.4489 © 10% 
353.76 9.7147 » 10% 
206.07 2.4966 «10° 
353.93 9.7737 » 10% 

G - 29920 E(log@ ~ Tog y* ~ 0.0613 
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97014574 








_— NE(log Q, - log OY 
NC (NIN ~ 20Siog 0) 
_ 190.0613 
18%17(0.14574)° 


=1.2296 





1m Table 4.4, the values of K;, for 10, 25 and 50 years are read for an interpolated value of 





$iog 97 | 
‘These are Ky =1.3396 
Ky, =20930 
Ky =26579 
Therefore, 
og Qo = ORO + K (Sing) 
= 2.44966 + 1.3396 (0.14574) 
=2.619 
or 4) = 4415 cumec 
Similarly, 368.5 cumec 
and 682.5 cumee 





Gi) Log-normal Method: 


Since the log-normal method is a special case of Log-Pearson type-II method, here 
which, 


= 0, for 














Ky 71282 
Ky. 21.751 
Ky =2054 

Therefore, 

Log Qo = 108 + Kio Sugg) 
=2.44966-+1.282(0.14574) 
=2,6365 

or jo = 433 cumec 
Similarly, Qy5 = 507 cumee 
and Oey = 561 cumee 
Gi) Gumbel’s Method: 
No. of year record ‘N"= 19 

@ =29920 


Sp =124618 
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From Table 4.3, the values of factor A’ for 7’ = 10, 25, 50 years for 
follows: 


= 19 are interpolated” as 


log K,, = Hoe L025= 1081-703) 4g _15) + 10g 1.73 
(20-15) 
02149 
or K jo =Antilog (0.2149)=1.64 
Hence, Kyo L64 
Similarly. Ky, 2254 
and Ky=321 
Therefore Oy = 5 +k 
=299.20-+ 1.64 (124618) 
or Qj, =503.6 eumee 
Similarly, Qyq = 615.73 cumee 
nal 5, =699.72 


‘To calculate the 95% upper and lower confidence limit values, the standard error of estimate S, 
is to be estimated. 




















1p 
Now el 
EN 
and t= yl+114 Ky, +110 43, 
where ‘ 
aiercliecs 46775124618 
436 
or 8, =133.726 
Ore = Qiag = F + Kiq9 Sy = 781.37 cumee 
“The 95% upper confidence limit value is 
O;, + KeE)S, 





where (ct) = 1,96 (from Table 4.2) 
=781.37 +262.10 
= 1043.47 cumee 


Similarly, 95% lower confidence limit value is, 


* Values of frequency factor K are also available in tabular form (Ret WMO No.168) for all values of N in the interval 
of one year In such a ease the value may be directly picked up for any °A’, This exereise only shows how to interpolate 
intermediate value logarithmically in ease the detailed tables are not available, Interpolation may be done even linearly 
without much variation 
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Op, = 0.5, 
=781,37-262.10 
=519.27 eumee 

For 50-year Mood, gy =321 

and 1 =3.999 

3.999 124.618 
436 





=11430 
Therefore, 95% upper and lower confidence limit values are 
Op, + KayS, =699.22+224.03 

903.2: 





sumee and 475.19, respectively 


‘The results are tabulated below to show the comparison of various methods: 























pekh Log-Pearson | Log-Normal Gumbel’s 
= 

[ees | ees 
10 44s 433 503.6 | 














Example 4.9 


A project is contemplated on the river Dhauliganga in the Indian state of Uttarakhand. The 
total catchment area at the dam site of the project, falling under Western Himalayas Zone 7. is 
1850 sq. km, of which the rainfed area is $20 sq, km. The rest is permanently snowbound. From 
the topographic measurement of the eatchment, the length of the longest stream is found to be 
50 km, while the length of the stream from the centre of gravity of the catchment is 15 km. The 
equivalent stream slope is measured as 45 nv/km, Derive a synthetic hydrograph for the project. 
Solution: 

Using the relationships between the parameters as given in Table 45 for the given region, the 
following parameters of the UG are derived: 

















~ 2on( 5} ae 
- nape 22218 300 
45 200 
58 100 
or =387h : 
whine 9 = 10884927 SPE PEreeernrryy sr 
Therefore gy = 1048.) 7a 


= 0.82 cumee/sq. kim 
Fig. 4.22 
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Base width of the UG, 
7, =7.84504,)9 
or Ty 148 
4, = 820 sq, km, therefore, 
Q, =0.82 « 820=672.4 cumec 
LL,JS=16.67, 
50 Wy =1.954 (16.67) =2.58h. 





0 
and Wy, =0.972(16.67)™4=1.38h. 


‘Therefore, HR, = 0.1899)! 7 = 1.01 hand WR, 





419175)! =0.63 h, 
With the above parameters, the synthetic UII is drawn as shown in Fig 4.22. 





Questions 





What is meant by runoff? On what factors does it depend? 

What are the methods for estimating the runoff from a catchment? 

What are the hydrographs? How can a direct runoff hydrograph be derived from a flood hydrograph? 
What do you understand by a mass curve or runoff? 

How can you determine the storage capacity of a reservoir with its help if a constant or a variable 
demand is known? 

‘The data of monthly runoff given below pertains to a river. An irrigation project is contemplated with 
the probable demand pattem as shown. Determine whether the inflow is suflicient to cater for the 
demand, [fso, what mninimum reservoir capacity would you like to provide for meeting this demand? 











‘Month Runoff Demand 
Meum (Meum) 
January 35 5 
February 30 60 
March 35 n 
April 32 Ms 
May 20 95 
Sune 25 120 
July 0 10 
August 135 10 
September 125 25 
October 30 15 
November 55 20 
December 45 60 

















(Ans, 385 Meu, m) 
What do you understand by a flow duration curve? How does it vary when plotted on the basis of 
daily and monthly average values of runoff? 

‘What is a unit hydrograph and what are the assumptions involved in it? How ean it be constructed 
for a given basin? 


Ina ealchment area, three successive storms of 





em, 4 em and 3.5 em occurred at six-hour 
interval. Draw the storm hydrograph when the unit hydrograph ordinates are given as follows. A 
constant base flow of 12 eumee may be assumed. 
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Time 
wy 0600 1200 | 1800 |2400 | 3000 | 3600 | 4200 | 4800 | s400 | 6000 | 6600 | 7200 
Six-hours 
UH ordinates o- | 255 | 375 | 750 | 705 | ses | 450 | 31s | 195 | 105 | 30 | 0 
(cumec) 





7. What are multiple correlation graphs and how are they constructe 
be used for finding the runoff from a catchment? 





How can these coaxial graphs 


8. Derive a four-hour unit hydrograph from a six-hour UH by constructing an S-curve for a eatchment 
‘of 340 sq, km area, Calculate the limiting constant value of flow. The ordinates of the six-hour UH are 


given as follows: 





Time 
ay 


Sixshour UH 
ordinates (cumec) 














0 
35.0 
70.0 
95.0 
13.5 
125.0 
BLO 
10.9 
780 
550 
390) 
315 
265 
120 
80 











(Ans, 157.5 cumee) 


Electrical Load on 
Hydro-turbines 





In the first chapter, we described the importance of power generation and enumerated the various 
sources of electric power generation, In this chapter, we shall be introducing to the readers the 
terminology and the concepts used by power engineers to describe the various features of electrical 
load, This includes the day-to-day and seasonal variation in the load, increase in the power 
requirements and its prediction 


LOAD CURVE 
Power is needed for a variety of purposes such as domestic, commercial, industrial, municipal, 
agricultural, and public transport. ‘The unit of electrical energy for consumption is *kilowatt-hour 

In common language, one kWh is called a ‘unit’, The quantum of load used at various hours of the 
day may vary depending upon the requirements of consumption. Ata certain hour of the day, the 
demand may reach the highest value, termed as the peak load. The maximum demand on the station 
determines the size of the plant and its cost. Rigorously speaking, the highest instantaneous value of 
the demand in a given period is known as the peak load or peak demand. Generally, however, peak 
load is defined as that part of the load carried at an intensity greater than 4/3 times the mean load 
intensity for that period, [fa curve is drawn between load as the ordinate and time in hours as the 
abscissa for one day, then this curve is called a daily load curve, Curves could be drawn for 
different time periods as a day, a week, a month or a year depending, upon the requirements of load 
































4500 
4000 
500 
3 3000 
§ 2500 
é 
2000 Dah demand 
in MW 
1800 
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Fig. 5.1 Dally load curve for Dalhi 
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analysis. Thus, a load curve is a graph of load consumption with respect to time and directly gives 
ication of the power used at any time. The daily load curve for the city of Delhi for July 6-7. 
2009 is shown in Fig, 5.1, According to it, the demand is seen to be slack during arly morning 
hours, but reaches peak value in 999 





an 















the aftemoon and late night. 2415 MW 
The daily load graphsalso for 25° Cooking LEY 

Delhi during summer and winter yo 1850 MW or 

of 2006-07 are shown in Fig, 5.2 TOE 

(a) and (b). It may be seen that in 2000 

summer the load demand in the ey NGS. 

evening is more (essentially due 1° >a 

to use of air-conditioners), while 50 Gating tana 

the load demand in winter is more erence — vighing —-l22i00'40°74 

in the moming (essentially due to ° rere ones 

water heating). Break-up for (a) Momng and evening peaks (MW) in summer 

consumption by various ne 

appliances is also shown. That for Poemeriuih 






‘others® includes refrigerator, 2500 
pump, TV, washing machine, 


ma Cooking 







2305 1860 MW 





‘among others. ‘ay00 er Others. 
Similarly. the month-to-month“ 569 

variations in the overall load 

consumption pattern may be seen 1000 ug centr 
















in the annual load curve (Fig. 5.3) 
for supplies by Maharashtra State 
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Lighting 







































Electricity Distribution Company ° 
Lid (MSEDCL) for two years Meming Evin 
(April 2008 to March 2007), (0) Morning and evening peaks (MW) in winter 
Fig.5.2_Variationin consumption in summerand winter. 
14,000 
| ow 
Se 
E 2.000 
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Fig.5:3 Annualload curve for Maharashtra (More otal, 2007). 
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LOAD FACTOR 


Load curves make it possible to determine the average load for the duration of plotting and also the 
maximum load used at any time, The ratio of the mean load to the peak load is known as ‘load 
factor’. Thus, 

Average load 


Load factor = STEE “OAC 
Maximum load 





Daily, weekly, monthly or yearly load factors may be calculated from the mode of variation of 
the load. The area under a load curve represents the energy consumed in kilowatt-hours, Thus, a 
daily load factor may also be defined as the ratio of actual energy consumed in any duration of 
twenty-four hours to the peak demand assumed to continue during that period 


Energy consumed during 24 hours 
(Maximum demand) x 24 hours 


Load factor = 


Ifthe load factor is calculated with reference to the entire distribution system, it will be a system 
load factor, Extending the concept, it is possible to work out the entire plant load factor. The 
maximum load determines the capacity of the units while the load factor gives an idea of the degree 
of utilization of the capacity, For instance, an annual load factor of (0.3 would indicate that the 
machines are producing only 30% of their yearly maximum production capacity. Load factor and 
power factor should not be confused with each other. 

A consumer is provided with the connected load of a certain rating (in kilowatt), He may not 
use the whole of the load at any time, but only a part of it. The ratio of the maximum demand to the 
connected load is known as “demand factor’ 


POWER FACTOR 


Power factor is a measure of how effectively electrical energy is used by a facility. A high power 
factor means more effective utilization, while a low power factor is indicative of poor utilization 
However, this should not to be confused with energy efficiency or conservation, as applied on 
energy, Improving efficiency of electrical equipment may reduce energy consumption, but may not 
necessarily improve power factor. 

Utility companies generate power as a product of volt and ampere (VA), called the apparent 
power, but charge the consumers on the basis of watts, called the real power (also known as active 
power or true power). Thus, if the power factor is unity, a utility could only transfer 1 kVA of 
apparent power for the consumer to receive 1 kW of real power, i... 1 kW + 1 = 1 kVA. However, 
if the power factor is less than unity, more apparent power will have to be transferred to get the 
same real power. For example, if the power factor is 0.6, the utility will have to transmit 1.66 kVA. 
of apparent power for | KW of real power at the consumer's end (ic., 1 kW + 0.6). This apparent 
power is subject to the usual losses in production, transmission and distribution processes. It is 
obvious that closer to unity the power factor is, more beneficial it will be for the consumer billing, 
as well as for the utilities due to lesser generation costs and losses. 

The system capacity can be increased and losses reduced by adding capacitors or KVAR 
generators to the system, This improves the power factor as well as the kW capacity of the system. 
In an AC circuit, power is said to be used most efficiently when the current is aligned with the 
voltage, However. this does not practically happen, since most equipment (such as electric induction 
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motors, compact fluorescent lamps, welding sets, et.) tend to draw current with a delay, misaligning 
it with the voltage. For example, a 60-watt incandescent lamp has a power factor of 1.0, meaning 
that the consumer will pay for 60 watts of power and the utility will also need to generate the same 
amount of power (60 VA). However, for a 15-watt medium-based compact fluorescent lamp with 
electronic ballast, having a medium power factor of 0.6, while the consumer will pay for only 
waits of power, the utility will need to generate 15 = 0,6=25 VA. More an equipment draws current 
with a delay, the less efficient the equipment is called. 
An AC circuit can be seen to have three components: 








1, Real power (kW), which is the work-producing 
power used to actually run an equipment 

2. Reactive power (kVAR), the non-work producing 
power that is required to magnetize and start up an 
equipment, i.e., extra “power” transmitted to 
compensate for a power factor less than 1.0., and 

3. Apparent power (kVA), the combination of real 
power and reactive power, 

These components can be depicted as in Fig. 54. 

Power factor of an AC electrical power system is defined as the ratio of the real power flowing 

to the load to the apparent power in the circuit, or 


Rooactive power (kVAr) 





Fig. 





4 Components of AC system, 


Reald power (kW) _ kW. 


Apparent power (KVA) (kw)? + (kVAR)? 


This is a dimensionless number between 0 and 1. The angle between the real power and 
apparent power is called power factor angle, or phase angle between current and yoltage. 


Power factor = 


CAPACITY FACTOR 


Capacity factor, also known as “plant use factor” or “plant load factor’ (PLF) is the ratio of the 
average output of the plant for a given period of time to the plant capacity, In other words, 
the capacity factor is the ratio of the energy actually produced by the plant for any given period to 
the energy it is capable of producing at its full capacity for that period of time. For example, if'a 
plant with a capacity of 100,000 kW were to produce 5,500,000 kWh when operating for 
100 hours, its capacity factor would be 








Capacity factor = 0.55 





100,000%100 


‘The capacity factor for a hydro-electric plant generally varies between 0.25 and 0.75, 

‘The capacity factor would be identical with load factor if the peak load were equal to the plant 
capacity. However, the load factor would be different if the plant were not used to its full capacity 
‘Thus, if the maximum load on the plant were 75,000 kW, the load factor on the plant would be 


5,500,000 


= 0.733 or 73.3% 
75.000 100 


as against a capacity factor of 55%, 
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In small hydro plants for rural areas, PLF indicates the percentage utilization of the plant 
capacity 

Consider for example, a rural scheme that has a micro-plant installed with a capacity of 20 kW. 
The village supplies electricity for 8 hours per day. It has 100 houses, each of which has 6 bulbs of 
25 W (total 0.15 kW). The PLF for that plant will be 








100% 0,15 x8 


PLF=—“—*" 
2024 





UTILIZATION FACTOR 


Utilization factor is the ratio of the quantity of water actually utilized for power production to that 
available in the river, If the head is assumed to be constant, then the utilization factor would be 
equivalent to the ratio of power utilized to that available. The value of utilization factor usually varies 
from 0.40 to 0.90 for a hydel plant depending upon the plant capacity, load factor and storage. 

From the definitions of capacity factor, load factor and utilization factor, it can be noticed that 
ifthe load factoris very high and there is full pondage at the plant, the utilization factor may become 
as high as 1.00, whereas the capacity factor can go only up to 0.75. However, if the wheel capacity 
is quite low the capacity factor would increase. Capacity factor can reach close to unity only with 
a 100 per cent load factor, complete pondage, complete storage and when the plant capacity equals 
the average flow. Obviously. such a proposition is only hypothetical 








DIVERSITY FACTOR 


A.consumer uses the power supplied to him at his discretion. Ifhe uses the whole of the connected 
load, his load factor is 100 per cent, If the maximum used load is less than the connected load 
‘which is usually the case, his load factor is lower than 100 per cent, Each consumer uses power for 
a variety of purposes and touches his maximum demand at certain times. And not necessarily do the 
‘maximum demands of all consumers coincide at a particular time! However, there isa period during 
‘which the combined consumption of all the consumers is maximum. The ratio of the sum of the 
‘maximum demands of the individual consumers and the simultaneous maximum demand of all the 
consumers during a particular time is known as “diversity factor’. Thus 


Sum of individual maximum demands 
Diversity factor = 
Simultaneous maximum demand 





Since the usage pattern of e consumers is diverse, the numerator in the above expression is 
greater than the denominator with the result that the diversity factor is more than unity. A higher 
factor improves the overall load factor because of less maximum demand, and with low installed 
capacity, more energy could be supplied on account of greater diversity, thereby reducing the 
capital cost of the station 


LOAD DURATION CURVE 


One way to study the variation of load demand and various factors like load factor, capacity factor, 
plant use factor etc., for a particular duration, is with the help of daily, weekly or monthly load 
curves. However, for still longer durations, say annual, it becomes cumbersome to plot daily load 
curves and to utilize them for various calculations on yearly basis. Complexity increases on account 
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of variation of daily load curves for different seasons 
and variation for the plots due to varying demands, ete 
A much convenient way to construct annual load 
duration curves from the daily load curvesis by arranging 
the various demands of load, as seen from the daily load 
curves, in descending order along with the time during 
which they occurred. Ifa plot of loadsand the percentage 
of time during which these loads or higher occurred is 
prepared, then this would be a load-duration curve, Thus, 
from Fig, 5.5 that represents a load-duration curve for a 
year, it would be seen that a load of 30 MW occurs for 0% 50 6575 100% 
5694 hours during the year or for 65% of the time (8760 Parcantaae of tine —e- 
hours correspond to 365 days or 100% of time). Fig.5.5 Load-duration curve. 
Load-duration curves may be constructed for any 
duration of time, The area of a load-duration curve for any duration would be the same as that of a 
load curve for the same period of time. As studied earlier, the area under load-duration curve 
represents the total energy produced for that duration, Thus, the annual load factor is given by the 
ratio of the area under the curve to the area of the rectangle corresponding to the maximum demand 
occurring during the course of year 


3 


Load (Mw) > 


ses 8 8 





FIRM POWER 


Firm, or primary, power is the power that is always ensured to a consumer at any hour of the day and 
is, hus, completely dependable power, Such a power would correspond to the minimum stream flow 
and is available for all times, 1t could, however, be increased by using pondage and as such, does not 
necessarily correspond to the continuous 24-hour flow available 100 per cent of the time, Thus, firm 
capacity depends on the minimum stream discharge atthe time of peak load, pondage available, shape 
and size of the connected load curve and the interconnection of other existing plants, 

A hydro-electric plant commonly 
hhas a wheel capacity corresponding to 
the flow available for about 20-40% 
of the time, This percentage depends 









upon the load factor, the load conditions { 

and the place of the hydel plant in the 

inter-connected system. Justin and 2 

Creager define firm capacity ofahydel & + 

plant as that portion of its total installed Parsee 


capacity which can perform the same 
function on that portion of the load curve 
assigned (0 it as alternative stream 
capacity could perform. 
Asmentioned in Chapter 4, a natural Fig: 6.8 Discharge regulation with storage. 

flow-<duration curve can be modified with 

the help of storage regulation, From Fig, 5.6, it will be noticed that the curve flattens so that itis 
higher than the original curve on the downstream side of point B when the storage regulation is 





Primary power 

without storage | 

o 250 75 100 
Percentage of time —> 
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done. Thus, a greater minimum flow is available for 100% of the time. At any instant, the power is 
proportional to discharge and can be estimated as firm power. 


SECONDARY POWER 


Also known as surplus, or non-firm, power, secondary 
power is comparatively less valuable, In Fig, 5.7, the 











feasible primary power and teondary powerareshown — f Y aii basi 
with reference to the flow-duration curve, If the power Yr», vomer 
isavailable intermittently atunpredictabletimes,thenalso— & VY 
itis called secondary power. iV 

Secondary power is useful in an inter-connected  ° Y//7 
system of power plants. At off-peak hours, secondary Bina pater 
power may be called upon to relieve the inter-connected 
stations, affecting the economy. Secondary power may f E: - : nas TS) 1100! 
also be used to take care of the current demand by anc 
following a load-sharing plan. Fig.5.7 Primary and secondary power. 


PREDICTION OF LOAD 


Load prediction or forecasting may be required for: 
(i) short-term, covering a period of 4 to 7 years, 
(i#) medium-term, covering a period of 8 to 15 years, and 

(int) long-term, covering a period of about 15 years or more. 

Whereas the short-term forecasting is done for the areas of deficit or surplus power for 
operation-planning, medium-term forecast is the basis for the expansion programme of power 
generation transmission facilities, Long-term forecast helps in the formulation of a country’s 
perspective plan for power generation, vis-a-vis its resources and modes of transmission of voltages. 

Many methods of forecasting the load demand are available which could be used depending 
upon the degree of accuracy required and circumstances prevailing. Some of these methods take 
into consideration the following factors: 

(i) Class-wise consumption, 
(ii) Mathematical formulae, 

(iit) Historical trends, 

(iv) Correlation between power development and economic development. 

Inaddition to these methods, there are a large number of formulae deploying simple extrapolation 
technique from past records, to using complex correlations. One of such formulae, for instance, is 
the Scheer formula for estimating generation requirement, as given below: 


loggG = © - 0.15log, 917 


of 
or, go 
woe 
where Gis the annual growth in generation (per cent) 
U the per capita generation 
C a constant = 0.02(population growth rate) + 1.33 
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‘The constant 0.15 (which is Y4log 2) has been derived on the basis of thumb rule that ‘a 
hhundred-fold increase in per capita generation will reduce the rate of growth by half” 

For prediction of generation, one should start with a year for which the generation is known, 
along with the starting year’s population and forecast of population of future years. Thus, the value 
of C and per capita generation for the starting year are worked out and then the rate of growth G is 
evaluated by the above formula, Generation in the next yearis calculated by multiplying the generation 
in the starting year by(1+GY/100. Thus, generation for the next year and forecast for population 
being known, the values of C and U for the next year are evaluated and G for subsequent year can 
be calculated. In this way, the year-by-year prediction is done. 

Another formula for the prediction of load is the Belgium formula, given below: 


E = KMQy0465" 


where Fis the electricity consumption 
Mis the index of manufacture or production 
Tis the time for which consumption is to be projected 
K is adjustment factor, 
Some countries have derived specific formulae to suit their economic situation and growth 
trend, just as the one given above used in Belgium 


Significance of the Prediction 


For the installation of a new power plant or for the expansion of an existing one, itis necessary to 
estimate the load required for various purposes, The whole economics ofthe installation or expansion 
depends on an accurate assessment of the load required, Since the hydro-electric projects have a 
gestation time of about 10 years from conception to realization, they should be able to cater to the 
demands atleast 10-15 years in future from the planning stage. The usual practice is to develop the 
full potential of the project in stages, The first-stage takes care of the immediate demand, and the 
remaining potential is developed in the second and third stages of the project. 


ILLUSTRATIVE EXAMPLES 


Example 5.1 


A common load is shared by two stations, one being a base load plant with 25 MW installed 
capacity and the other being a standby with 30 MW capacity, The yearly output of the standby 
is 10.5 = 10° kWh and that of the base load plant is 125 * 10° kWh. The peak load taken by the 
standby is 15 MW working for 2500 hours during the year. ‘The base load station takes a peak of 
22.5 MW. Find the: 

(®) annual toad factors for both stations 
(if) plant wse factors for both stations 
(ii) capacity factors for both stations, 

Solution 
Standby Station: 

Units generated per year = 10.5 * 10°Wh 
Station capacity = 30 MW = 30,000 kW 


116 | Warer Power Exon 





‘Total hours of working — =2500h 
‘Maximum demand 5 MW = 15,000 kW 





otal units generated 


o Annual load factor = 
Peak demand 8760 


105x108 
15000%8760 
00799 017.9% 


Maximum demand 

ity Plant use factor = “Smt Comin’ 
Station capacity 

_ 15,000 

30,000 


Average power output during 2500 hours 


0.5 or 50% 





4,200 
30,000 








Average output 
(i) Capacity factor = SSTSBE SUPT 
Station eapacity 


= 420 Lo or 4% 
30,000 
Base Load Station 
Total units generated per year = 125 « 10°kWh. 





Capacity of the station =25 MW =25,000 kW 
‘Maximum demand =22,5 MW = 22,500 kW 


‘Total units generated 
Peak demand «8760 
125% 10° 
22,500%8,760 
=0.634 063.4% 
Minimum demand 
Station capacity 


o Annual load factor = 


Gi) Plant use factor = 


0.9.0 90% 





Average power demand during the year (i.e. 365 days or 8,760 hours) 


_ 125x10° 
8,760 


kW = 14,269kW 


Average demand 
Capacity of station 
14,269 
25,000 





Gi) 


057 or 57% 
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Example 5.2 


When a run-of-river plant operates as a peak load station with « weekly load factor of 20%, all its 
capacity is firm capacity, What must be the minimum flow in the river so that the station may 
serve as the base load station’ It is given that 

Rated installed capacity of generator = 10,000kW 








Operating head 15m 

Plant efficiency = 80% 

Estimate the daily load factor of the plant if the stream flow is 15 eumec 
Solution: 





Rated installed capacity of generating plant = 10,000kW 
Operating head = 15m 


Plant efficiency =80% 





When the plant operates as a ‘peak load’ with a load factor of 20%, the total energy generated 








10,000 « 0.20 » (7 x 24) 
33.6 « 10° Wh. a 


If Q is the minimum flow necessary for the plant to run as a base load plant, the power P 
developed is given thus: 





P =98QHkW=98» Q*15*08KkW 

or P=11760kW 

Here, the total units generated for a week are 

11760 (724) 

1.98» 10'}OWh 2 








Fquating Egns. (1) and (2) we get 
6» 108 = 198% 10° 





336 
~~ 198 
Hence, the minimum flow in the river = 17 m"Vs 





or =170mss 





Ifthe stream flow is 15 cumee, the power developed per day 
P =1176Q=1176*15kW=1,764kW 
Total units generated in 24 hours = 1764 « 24=42.336kWh 








2.336 
Hence, Daily Toad factor = 42336 
, 10,000%24 
=0,1764 or 17.64% 
Example 5.3 


Caleulate the power factor for a utility to supply a maximum 1,500 kW of real power, when the 
reactive power at that time is 1,125 kVAR. 

Solution: 
‘Maximum real power for billing period = 1,500 kW 
Reactive power at the time of maximum kW demand = 1,125 kVAR 


Loading 
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‘Therefore, Apparent power = (1500)* + (11 


Real power _ 1500kW _, 
Apparent power 1875kVA. 





I875KVA 





Power factor = 
(AL times reactive power charges are levied upon the consumers, if the power factor is less than 0.95). 


Example 5.4 


‘A 1,500 kVA transformer supplies power to the mains at a power factor of 0.8. Calculate the real 
power and reactive power of the system. IF it is proposed to inerease the power factor of the 
system to 0.95 by installing kVAR generator, how much additional power could be supplied? 

Solution: 

Apparent power = 1,500 KVA, 


therefore Real or active power = 1500 «0.8= 1,200 W, 





Now, Apparent power = JA‘ 


‘Therefore, Reactive power =900kVAR 


If the power fixctor is increased to 0.95, Active or real power will become 1500 * 0.95 = 1,425 kW. 
From the above formula, the corresponding reactive power will only be 468 kVAR. 





we power)’ + (Reactive power) 


(it shows that for the same amount of kVA, the system eapacity is increased from 1,200 kW to 
1.425 kW and the utility has to send only an additional 468 KVAR instead ofthe earlier 900 kVAR.) 


Questions 





1. How are load factor, capacity factor and utilization fuctor interrelated? What is the significance of 
diversity factor? 
2. Why is it necessary to predict future load demand? What are the methods of load forecasting? 
3. ‘The load ona hyde! plant varies from a minimum of 10,000 kW toa maximum of 35,000 kW. ‘Iwo turbo 
generators of capacity 22,000 kW each have been installed, Calculate the 
(@ total installed capacity of the plant 
(i) plant factor 
(ii), maximum demand 
(iv) load factor 
(v) utilization factor. (Ans, 44000 kW, 51.2%, 35000 KW, 64.3%, 79.5%) 
4. A nun-of-stream station with an installed capacity of 15,000 kW operates at 15% load factor when it 
serves as a peak load station What should be the lowest discharge in the stream so that the station 
‘may serve as base load station, IL is given that the plant efficiency is 75% when working under a head 
of 20 m, Also caleulate the maximum load factor of the plant when the discharge in the stream rises to 
20 cumee. (Ans, 15.3 cumec, 19.6%) 











5. Calculate the active power and reactive power for an AC system where a 2000 KVA transformer 
supplies power at a power factor of 0.85, How much reactive power will be required for the same 
ipparent power if the power factor is increased to 0.95? How much additional real power in the liter 
case could be supplies (Ans. 1,700 KW, 1054 kVAR, 625 KVAR, 200kW) 
6. What is the power factor of a utility that has to meet a maximum demand of 2500 kW real power, when 
the renetive power atthe time of the demand is 1400 kVAR? If the reactive power isto be reduced by 











Low and High 
Head Plants* 





CLASSIFICATION OF PLANTS. 


Hydro-power plants exhibit a great deal of variety. Almost every hydro-power project has some 
special features that are different from other projects of the same type. However. for the convenience 
of discussion, it is necessary to classify the plants in different groups, Such a classification could 
be done in various ways, depending upon a particular aspect of plant type, These could be classified 
on the basis of 
(®) Hydraulic features 
(it) Operational style 
(iit) Storage features 
(iv) Location and topography 
(v) Plant capacity 
(vi) Design head (low or high) 
(vii) Design features 
(viii) Miscellaneous types 
An important point that should be borne in mind is that all these features are not mutually 
exclusive, Thus, the presence of storage also. to some estent, determines the hydraulic features of 
the plant, Also, the operational features are determined by other characteristics such as the presence 
or absence of storage. 





Classification Based on Purpose: Single/Multipurpose Projects 


Though hydro-power projects are primarily concerned with generating power, they have not remained 
simple single-purpose projects any more, They may equally include other functions like water 
supply, irrigation, and flood control, Bhakra Project Complex is one such multipurpose project that 
also caters to irrigation. The Tennessee Valley Scheme (USA) also has flood control as its aim apart 
from power production. Ukai project on river Tapi (India) controls floods and encroachment of sea 
water, apart from generating power. This multipurpose use of projects requires special design 
features, For instance, in a navigational river, building a weir or a dam has to be necessarily 
accompanied by a navigational lock for the passage of ships. 





“The readers are advised to glance Chapter 13 on turbines, before reading this chapter. 
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Classification Based on Hydraulic Features 


Hydro-power plants based on certain basic hydraulic features involved in the design can be classified 
into six types, namely: 
(i) Conventional plants: These plants utilize the normally available hydraulic energy of the 
river water, In India, all the existing hydro-power projects belong to this type. 

(if) Pumped storage plants: Such plants utilize the concept of recycling the same water by 
using pumping selectively: 

Pumped storage plants serve an important need of supplying peak load demands. 
These are being constructed on a large scale in many parts of the world, particularly 
since conventional power sites have already exhausted in countries such as USA, France 
and Japan, In view of their growing importance, these are discussed separately in the 
next chapter. 

(iti) Tidal power plants: Only a few plants like La Rance in France have been in operation 
using tidal energy of sea water, However, they are likely to gain importance in future, as 
the tidal energy is immense in nature. Typical features of tidal plants have been discussed 
separately in Chapter 16. 

(iv) Depression power plants: These are a rare type, Here, the power is generated by diverting 
ample quantities of source water, such as sea water, into a natural topographical depression 
‘which provides operating head for the plant, The water level in the depression is apparently 
controlled by the natural evaporation process. Such a plant is under contemplation at 
Quattara depression in UAR (Egypt). Since ithas hardly any relevance, this type will not 
be discussed in further detail. 

(v) Small hydro: All such plants are below 25 MW capacity. They are treated as a special 
category because of their special features, These are discussed at greater length in Chapter 
18. 

(vi) Wave energy plants: These are planned to utilize the waye energy of the sea, A few 
experimental plants are in operation today, but large scale commerciatization from such 
plants is yet to take place 








Classification on the Basis of Operation 


There can be isolated (standalone) plants catering to their own steady demand or they could form 
part of a grid-system which may have many such units not only of hydro but also of thermal or 
nuclear plants, 

In today’s power system, however, isolated plants are not common. No doubt they could be 
built by private agencies catering to their individual needs, but this practice is not widely prevalent 
in many countries. Hydro-power development in India has so far been the State monopoly, but 
doors have now been opened for the private sector as well, In the carly days of hydro-power 
development, before the grids came in, many plants were built for specific uses, For instance, 
Khopoli hydro-electric project was specifically developed to provide electric power to the city of 
Mumbai (then Bombay). When a hydro-station operates as part of a multi-unit system, its operation 
has to be closely inter-linked with the system requirements, 

Ifthe power station feeds a grid, then its use can be distinguished as base load plant or a peak 
load plant, We have already discussed the place of hydro-power in a composite supply of thermal 
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power, nuclear power and hydro-power into a grid. Pumped storage plants are necessarily peak 
load plants. Generally speaking, hydro-power is quite suitable for peak load operations due to its 
quick starting and relative ease in picking up load, 


Classification Based on Storage and Pondage 


Hy dro-plants can also be classified on the consideration of whether they provide a storage reservoir 
or not, The storage reservoir is provided by constructing a dam, Storage becomes necessary when 
the flow is uneven over a year. Without it, the plant uses only the natural normal flow as best as it 
can, In such cases, only a mini-reservoir or a pondage may be needed to take care of the day-to-day 
fluctuations. Construction of a dam is a major item of capital expenditure and greatly escalates the 
initial investment of the project. At the same time, it usually implies a much more efficient and 
controlled end use of the available water. 


Classification Based on Location and Topography 


‘We can speak of hydro-power plants located in hilly areas or in plains. Normally those in hilly areas 
are always associated with dams whereas those in plains may have only weirs for the main structure. 
In plains, the rivers are usually wide with large flood plains and may need ancillary river training, 
works, Plants situated far in the interior, being away from main load centres, cause high transmission 
costs 

‘Thus, knowledge of the location and topography of the area help in appreciating these points. 


Classification Based on Plant Capacity* 


Mosonyi classifies the hydro-power plants on the basis of capacity as follows: 


(@ Midget plant up to 100 kW 

Gi) Low capacity plant up to 1,000 KW or 1MW 
(iit) Medium capacity plant upto ‘10,000 KW or 10MW 
(iv) High capacity plant above 10,000 kW or 10MW 





In view of the large power plants of the world touching the capacity range as high as 2 
MW (Three-gorges, China), the above classification does look puny and very dated, We propose a 
capacity-based classification as follows: 





(a) Pico hydro From a few hundred watts to 100 kW 
Micro hydro > 0.1 MW 
<2MW 
Mini hydro >2MW 
<SMW 
Small hydro >3MW 
<25MW 
(6) Mainstream hydro > 25 MW 
(c) Mega plants > 500 MW 
(d) Super plants > 1,000 MW 


* Also see Chapter 17. 
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Most of the water power development by public sector in India is above 5 MW capacity, that 
is, small and higher, India has presently two super plants, viz., Nathpa Jhakri project (1,500 MW) 
and Tehri project (1,000 MW). By 2016, the Tehri complex. however, will have full capacity of 
2.400 MW, including the Koteshwar project (400 MW) and Tehri pumped storage plant (1,000 
MW). Three Gorges in China, Churchill Falls in Canada or Grand Coulee in USA are super plants, 
Micro-plants may have special application as in irrigation canals or in private sector funding where 
they can be built by taking advantage of canal falls. 


Classification Based on Head 


While any of the above classifications could be used to describe a power plant, the most popular 
and convenient classification happens to be the one based on head. Ludin’s grouping of plants (as 
quoted by Mosonyii) is as given below: 





‘Type of plant Head 
(@ Low head plants <15m 
(ii) Medium head plants 15 m-50m 
(iti) High head plants > 50 m. 


The grouping is done arbitrarily and as such is not sacrosanct. We would like to suggest a more 
logical grouping as follows: 


(Low head plants Less than 10m 
(i) Medium head plants 1 m-75 m 
(iii) High head plants 76 m-300 m 
(iv) Very high head plants above 300 m, 


This grouping fits better with other types of classifications discussed subsequently 


Classification Based on Design Features 


Another way of classifying hydel plants is based on their dominant constructional feature, According, 
to this, plants can be classified as 

() Run-oF-river plants, (i) Valley dam plants, (if) Diversion canal plants and (iv) High head 
diversion plants 

Each of these categories focuses on a dominant constructional feature 


(In run-of-river plants, the dominant feature is that the normal run or flow of the river is 
not materially disturbed due to the construction of the plant. Such plants neither have a 
large reservoir, nor is the river water diverted away from the main channel, The powerhouse 
is located along the main course of the river. 

(7) In valley dam plants, the main feature is a dam actoss the valley, The powerhouse is 
located at the toe of the dam. Some storage is created with the dams. Though no diversion 
of the water is involved, the river regime is altered considerably and hence these plants 
have to be classified separately 

(iit) In diversion canal plants, the river water is diverted through a canal to the powerhouse 
which is situated sufficiently away from the diversion point, The water from the 
powerhouse is drained back into the original river at a downstream point. 
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(iv) Inhigh head diversion plants, water is diverted through a system of tunnels and canals to 
another point on the same or another stream via the powerhouse. The distinguishing 
features are a complicated conveyance and a relatively high head as compared with the 
diversion canal plants 

Besides this classification, there are other plants which do not fit into any single category. For 
example, in Greenland power is proposed to be developed from glaciers. In Canada, the natural 
lakes delivering water into rivers can develop power by suitable dyking system. Such a proposal for 
lake projects is under active consideration there. Sometimes, even the public utility systems such as, 
drainage discharge can be made use of for producing water power, For example, in San Francisco 

(USA), a mini-hydel plant is proposed to exploit the head difference of about 27 m between the 

outfall sewer level from the treatment works and the Pacific Ocean, where ultimately the treated 

waste water is to be disposed. 





RUN-OF-RIVER PLANTS 


We defined run-of-river plants as those which do not alter the regime of the river substantially, Such 
definition implies that the water is not diverted materially away from the river. It also implies that 
no large reservoirs are involved. Big reservoirs alter the flow conditions materially upstream and 
downstream, and change the run-of-river character*. These plants do require small pools of 
reservoirs to provide the necessary pondage in order to balance day-to-day fluctuations 

Run-of river plants are generally low head plants. Occasionally, they may also be medium head 
plants where ground contours are favourable, for instance, a natural fall in the river. 

Such plants are quite popular in Europe where a series of them exist on all major rivers along 
their course, India, on the other hand, has very few of this type, Those that come closest to this 
typical type are Obra (UP), Jawaharsagar (Rajasthan) among some other, As mentioned above, the 
diversion type plants are loosely categorized as run-of-river plants 

A reason for the absence of run-of-river plants in India is its typical monsoon climate due to 
which the concentration of flow is limited to only a few months. European rivers, on the other 
hand, have a more-or-less uniformly distributed flow, a requirement eminently suitable for this 
category of hydel plants 

All the above examples from India are of such plants where there is a major dam on the 
upstream side and the flow at the plant site can be controlled by regulated reservoir releases. The 
run-of-river development is generally preferred in perennial rivers with moderate to high discharge. 
fat slope. litle sediment or ice load and generally speaking, a stable reach of the river. 





General Arrangement of Run-of-River Plants 


The powerhouse of a typical run-of-river plant is located with a weir spanning the river. The weir 
also serves as the flow regulator and is usually provided with gates on a slightly raised floor. Its 
seotional view is shown schematically in Fig, 6.2. For all practical purposes it acts as a controlled 


= We might mention here that there is some lack of precision about the term run-of-river. Some authors 
hold that any plant not involving storage or pondage can be described as run-of-river plant. According 
to that view, what we have called diversion (tunnel or canal) plants will also be run-of-river plants, This 
tion does not appear logical and convenient as it clubs two different types of plants, 
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Fig. 6.1. Typesot hydro-power plants: (a) Run-ot-river; (b) Diversion canal; 
(0) Valley dam; (d) High head diversion. 
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Fig.6.2 Section of Kota weir, India. (dimensionsin FPS units) 


spilling device for river waters during high flow and it also provides a definite though not constant, 
head difference between upstream side and downstream side, This is called the head of the plant. 
The water enters the powerhouse through an intake structure incorporating some or all of the 
following intake components: 
1. Entrance flume separated by piers and walls for each machine unit, The appurtenances of 
the entrance structure are the sill, fine rack or screen, powerhouse head gate. 


2. Turbine chamber of scroll-case with turbine, 
3. Concrete or stec! draft tube/pit, 
4. Powerhouse building, ie., machine hall and structures for generator and electrical and 


mechanical equipment 

In addition to the above structures, deflector walls or skimmer walls, service bridges, floating 
booms, tail bay and forebay, river training works etc. are also provided where required. In rivers 
carrying appreciable sediment load, sediment traps are provided in front of the entrance flume 

‘The powerhouse is provided along with the weir either as an integral part of the weir itself or 
immediately adjacent to it in additional bay/bays. Depending upon different arrangements, Mosonyi 
proposes the following sub-grouping of the run-of-river plants: 

(i) Block power plant, (i?) Twin power plant, (ii) Pier-head power plant, (iv) Submersible 
power plant. 

‘These groups are mainly on the basis of constructional arrangement of the powerhouse vis-d- 
vis the weir with different possible locations of the powerhouse including the twin power blocks at 
each end, the powerhouse within the pier known as pier-head type and the underground plant or 
under-weir powerhouse. 
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Fig.6.3 Arrangementot run-ot-river plants. 


All these arrangements are briefly described below. It may not be out of place to reiterate that 
the above classification is broad and general. There may be many minor variations in individual 
plants 
@ Block Power Station 
Block power station is the most widely used arrangement out of the above layouts. A block 
powerhouse may be equipped with either conventional low head turbines, viz., Kaplan or fixed 
blade propeller turbines, or with the bulb-type tubular turbines. For Kaplan turbines horizontal or 
vertical setting may be used. The river may be widened suitably as it is advantageous. Some of 
these advantages are: sufficient length of the weir that can pass the floods without obstruction and 
the higher ratio of wheel discharge to maximum flood discharge, However, one-sided machine bay 
may give rise to curvilinear flow and may adversely affect the efficiency of the turbines, The eddies 
and vortices that develop in the bay may also move the bed sediment which may eventually enter 
the machines. If the flow direction is oblique, there may be significant trash rack losses. Hence, 
such a power plant should be located towards the concave side of the river bend and the barrage on 
the river bend, wherever possible. 

Choice for the kind of bay is based on the point that the width of the river left after the 
accommodation ofthe plant should be sufficient to pass the design flood without creating unfavourable 
flow conditions. The length of the weir and also the location of the piers, thus, influence the 
hydraulic conditions 

To ensure satisfactory hydraulic flow conditions the optimum arrangement of the weir and the 
powerhouse is decided after the hydraulic scale model studies. These studies help in deciding 
whether the weir should be in straight or oblique line with the powerhouse, ar should it be shifted 
upstream or downstream with respect to the powerhouse, Similarly, the other decisions, viz 


* whether an extended bay should be provided or the power plant should be accommodated 
within the original width of the river, and 

© whether a separation pier between the weir and the powerhouse should be provided and if 
so, what should be the size and shape of the same etc., 


are also arrived at after intensive hydraulic model testing, 


A block power station with spillway conduits built in the sub-structure of the powerhouse 
proves to be more economical as it decreases the width of the spillway weir or even omits the weir 
and the separate spillway altogether. 
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‘There are hardly any exemplary hydel plants of the block run-of-river type in India, Switzerland, 
Germany, Austria and Sweden have them aplenty. Austria alone has 835 run-of-river plants of 
various types so far, River Danube has a chain of 13 stations of this type already constructed or 
planned, In its length of 350 km the river offers a gross head of 160 m. Figure 6.4 shows the site 
plan of Aschack station of block type on River Danube. This plant has an installed capacity of 280 
MW with the generators of 70 MW capacity. Each station on the river is a multi-purpose plant 
which also provides for navigation. A pair of locks is clearly visible on the right side in the figure. 
The 156 m long spillway on the loft side, has five openings—each 24 m wide—separated by 9m 
picts and cach opening being controlled by an automatic double-leaf hook-type gate 15,8 m high. In 
line with the spillway, the powerhouse has five Kaplan turbines with rated head of 15 m and flow of 
500 cumec. The generators, the 220-kW switchyard and the spillway gates are controlled from the 
control room, 

(i) Twin Power Station 

Ifthe plant discharge capacity is large at alow head, then it becomes difficult to achieve satisfactory 
flow conditions in a single bay and uniform normal flow to the racks, because of an unusually long, 
power station and a large bay. Under such circumstances a twin powerhouse is preferred by 
dividing the power station on either side of the central weir. Such an arrangement is suitable on 
straight stretches or in the straight short cut of a bend, or in bends where the bed load charge is not 
heavy 

AA variation of this type of powerhouse is the island-type arrangement in which a block type 
power station is located centrally and on both sides of it are the portions of the weir. 

‘The tvin power station presents some difficulties which outnumber the advantages. Higher 
investment cost, higher maintenance and supervision costs and the practical difficulty of carrying 
the cables with high voltages are some of the factors which go against such an installation, An 
example of itis the Ybbs-Persenbeug station on river Danube (Austria) having a capacity of 204 
MW with six Kaplan wheels and six umbrella type generators, 

(ii) Pier Head Power Station 

A pier head power station is one which houses a turbine generator set in each pier of the weir. Under 
special requirements, a pier can also house two generating sets. A pier head power station is suitable 
when there is no possibility of widening the riverbed and the river stretch is straight or slightly 
curved. Such a station may also be suitable for rivers having no serious problem of ice drifts. 

‘An example of pier head power station is the Layamund plant on river Drava in Austra, 
working under a head of 9 m and having a capacity of 23 MW. Figure 6.5 shows one of the piers 
of Lavamund station 16 m wide, each housing a single unit, There exist a number of pier head 
plants on Drava river. 

‘The main advantage of this type of layout is that for a narrower valley the bed section may nat 
need width enlargement. However. they do have some inherent disadvantages such as: 





# The greater width of the pier incorporating machines increases the possibilities of ice jams. 

+ As the units are not centralized at one place, the operation control is relatively difficult. 

* The higher the relative value of the plant discharge, the lesser is its attractiveness v 
a block power station. 
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Dimensions are in metres 


Fig.€.5 Apier of Lavamund pier head plant (Austria), 


(iy) Submersible Power Station 
In this type the powerhouse is housed in the body of the overfall weir itself, ‘The spillway section of 
the weir and the bottom sluices pass the floods on the downstream side, The water levels over the 
weirare regulated with the help of crest gates. Either the horizontal or inclined tubular turbines with, 
fixed blade (or adjustable blade) runners may be deployed, or the conventional propeller turbines 
with fixed (or adjustable) blades encased in a scroll case and equipped with elbow type draft tubes. 
Figure 6.6 shows the section of the station equipped with a vertical shaft Kaplan turbine. Examples 
of submersible power stations are Steinback station, Germany: Kiev Station (320 MW), Ukraine, 
etc, The latter uses bulb type tubular turbine sets. 




















Fig.6.6 Asubmorsible power station 
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VALLEY DAM PLANTS 


‘The dominant feature of a valley dam plant is the dam in the river that creates a storage reservoir 
that develops the necessary head for the powerhouse. The powerhouse is located right at the toe of 
the dam. The water flows to the powerhouse through the penstocks embedded in the dam and joins 
the main river course directly at the outlet of the powerhouse. A typical cross-section of such a 
plant (Grand Coulee, USA) is shown in Fig. 6.7. The live storage of the reservoir created by this, 
155 m high and 1200 m long conerete dam is 6,600 million cu. m. The project will have an ultimate 
installed capacity of 9,780 MW. In Fig. 6.8 is shown another valley dam plant for the river 
Manicouagan in Canada. 

The Sayano-Shushenskaya project (Russia) is also an example of valley dam plants, Valley dam 
plants have medium to high heads, The artificial head created depends on the height of the dam, For 
instance, the dam for Bhakra Project has a height of 226 m above the foundation level, whereas the 
powerhouse turbines situated at the toe of the dam are planned for a head of 120 m, For Hoover 
Dam in USA, the design head is 146 m for a dam height of 222 m, The powerhouse of Haipu 
project (14,000 MW) in Brazil and Paraguay with 15 Francis turbine units of 700 MW each is 
located at the foot of the concrete hollow gravity buttress dam of 196 m height above foundations 
on the Parana river, while the other three units are housed on the diversion channel (see Fig. 6.9). 
This is one of the largest plants in operation in the world since 1991 
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Fig.6.7 Grand Gaulce valley dam plant (USA). (Section of the dam and power station) 
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Fig.6.8 Manicouagan storage powerplant. 





Fig.6.9 AviewolItaipu project (Courtesy. Voith Hydro Holding GmbH & Co. KG). 


There are different arrangements of positioning the powerhouse vis-a-vis the spillway. If the 
spillway is in the central part of the dam, then the powerhouse may be located on one of the banks, 
or as twin powerhouses, one on each bank. The latter arrangement has been used in Bhakra dam 
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Figure 6.10 shows Alamatti dam across river Krishna in Kamataka, India, where the powerhouse 
(290 MW) is on the right toe of the dam, Sometimes, the spillway is provided in the adjacent saddle 
gorge, in which case the powerhouse can be located in the central portion of the river as shown in 
Fig. 68, Hoover dam, USA also uses a twin powerhouse arrangement in a super plant producing 
1,320 MW. In some of the projects when ski-jump spillways are provided, the powerhouses may 
be located immediately at the toe of the dam below these spillway’ such that the latter also serve as 
the roof of machine halls, Examples of such plants are Chastang and L’ Aigle, and Bort dam projects 
in France. 





Fig.6.10 Alamalti dam and powerhouse (photo: Murughendra, Wikimedia), 


Occasionally, the powerhouse is situated not immediately at the toe of the dam but at some 
distance downstream, Such an arrangement is costlier than the more general arrangement where 
dam and powerhouse are together, and is adopted only when it offers some special advantage like 
achieving extra head due to the sloping topography etc. This arrangement, however, needs longer 
conveyance penstocks and results in losses due to additional pipe friction, 

With the powerhouse at the immediate vicinity of the dam, the foundation of both can be 
planned as a single unit which is a distinct economic advantage 

In valley dam plants, itis not always possible to have the powerhouse at the toe of the dam, For 

tance, if the gorge is narrow, there may not be enough space both for the spillway and the 
powerhouse. In such cases, the powerhouse may be constructed in excavated portions of the 
flanks of the gorge, or underground. Such an arrangement is adopted in the Maithon dam of 
Damodar Valley Corporation in India. An underground powerhouses built adjacentto Maithon dam 
in one flank of the gorge. The water from the powerhouse is led back directly into the main river 
channel 

The plan and sectional elevation of Rana Pratap Sagar alley dam plant, India, are given in 
Fig. 6.11(a) and (b). This plant (172 MW) is the second in the cascade of three dam plants and a 
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barrage over the river Chambal. Its power station is located in a deep pit below the power dam 
section (Fig, 6.11(@)) similar to a semi-underground station. The tail waters are discharged through 
12.2 mdia. and 1466 m long tailrace tunnel so as to utilize an additional 10 m drop at a fall in the 
river below the dam, Because of the high level tail water, the power station has been made water 
tight up to the crane-rail level 
Parts of the Valley Dam Plants 
‘The various important parts of a valley dam plant may be mentioned as follows 

1. The dam with its appurtenant structure like spillways, ete. 
The intake with racks, stop logs, gate and ancillaries. 
The penstocks conveying water to the turbines with inlet valves and anchorages. 
‘The main powerhouse with all its components. 


These parts have been dealt with in subsequent chapters in detail 


+ 


DIVERSION CANAL PLANTS. 


The distinguishing feature of diversion canal plants is 
that the waters of the river are diverted away from the 
main channel through a diversion canal called power 
canal, A powerhouse is provided at a suitable point 
along the stretch of the canal. After the water flows Canal, 
through the powerhouse, it is conveyed back to the 

parent river. Its design features have been discussed sSpitway 
later. 

Generally speaking, the diversion canal plants are 
low head or medium head plants. Like run-of-river 
plants, they do not have any storage reservoir, The 
powerhouse requirements of pondage are met through 
a pool called “forebay” located just before the 
powerhouse. 

The head for diversion canal plants may be 
developed in different ways. For example 






River 


Forebay 


Powerhouse 


Fig.6.12 Diversion canal arrangement. 


(i) Due to the flatter bed slopes of the power canal as compared with the river. Besides, 
since the river meanders, the distance between the two points may be much greater via 
the river than by the relatively straight reach of the channel, For instance in Fig, 6.12, if 
the distance between points A and B along the main river is 20 km and the average bed 
slope is | in 500, the total level drop between the two points will be 40 m. Ifa 12 km long 
diversion canal with an average bed slope of 1 in 600 is planned between the same two 
points, the canal slope will account for 20 m, making available the balance 20 m head for 
power production 

(ii) If the river has a natural fall, it provides the necessary head for a diversion canal type of 
plant. In such a case, the water is diverted from the upstream of the fall and is let back 
into the river after flowing through the powerhouse on the downstream side of the fall 

(itt) By diverting water from a higher level river to another lower level river through adiversion 
canal and a powerhouse. This may be termed as inter-basin diversion of flow 
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(iv) Many atime an irrigation canal is required to have a fall in order to suit ground conditions, 
‘The plant can be located on such an irrigation canal, producing power as a secondary 
objective. The general arrangement in such a case is exactly similar to that of diversion 
canal plant. 

Aweir may be provided at the location of A (see Fig. 6.12) so as to create some additional head. 
Some typical instances of diversion canal from Dakpathar barrage are: Yamuna Hydel Stage T 
power plants (India) at Dhakrani (33.75 MW)and Dhalipur (51 MW) . The power canal subsequently 
Joins back the parent river, Chenani hydel project in Jammu & Kashmir (India) is also an example of 
such an arrangement. Similarly, tail waters of Bhakta powerhouses feed two more powerhouses 
located on 64.5 km long Nangal hydel channel diverted by the Nangal dam. Both these have a 
capacity of 77 MW each, operating at 28.4 m head, 

Quite a few Indian examples of power plants located on irrigation canals can be cited, Sarda 
power station is built on Sarda irrigation canal. It operates under a head of 18.3 m to generate 41.4 
MW. Powerhouses have been located on the channel taking off from the Upper Bari Doab Canal at 
the regulator site of Salempur feeder in Punjab, with an installed capacity of 45 MW. Another 
example is the Pathri power station on the Ganga canal generating 20,4 MW of power at 9,8 m 
head. 

The above discussion makes it obvious that diversion power plants are most suitable on rivers 
of either steep slopes or meandering reaches. Further, due to economic considerations, discharge 
of such plants has to be moderate. Run-of-river plant, almost invariably, would be more economical 
for a large discharge development, Presently, power canals with bed width as big as 80 m and 
carrying a discharge of 1500 m‘/s are already in operation in some parts of the world. However, 
excessive sediment in the rivers necessitates provision of a plant silt excluder/ejector. The unit cost 
of the project is largely determined by the length of the power channel 

While design aspects of the power canals are not intended to be discussed here, it is worthwhile 
to remember that although the headrace canal and tailrace canal carry the same discharge, they may 
have different sizes depending upon the economics of construction. In heavy cutting, a narrow and. 
deep channel may be preferred, whereas in banks wide and shallow channels would be more 
economical, The headrace channels usually are in cutting while the tailrace channels may or may 
not be in cutting. Hence, their sizes are rarely identical 
Layout of Diversion Canal Power Plants 
The powerhouse may be located along the canal at different places with respect to the length of the 
canal, The actual location of the powerhouse in the power canal may be near the takeoff (upstream), 
near the rejoining end (downstream), or even midway (intermediate) in the canal length, depending 
on the economical analysis and hydro-geological features of the site. 

In the upstream layout, there is no intake structure on any length of the canal upstream of the 
powethouse (i.e., headrace); only a low tailrace canal exists (Fig. 6.13(a)). Sometimes instead of 
the open canal, a tunnel may be provided to serve as tailrace. 

The intermediate layout has the powerhouse in the middle of the canal length. The canal, thus, 
has its portions of lengths both upstream (ic., headrace) and downstream (i., tailrace) of the 
powerhouse. In such a case, a separate intake is required at the mouth of the diversion canal, as 
shown in Fig, 6,13(b). 
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Fig.6.13 Layouts of diversion canal power plant. 


‘The downstream arrangement envisages location of the powerhouse al the end of the diversion, 
as such there is only a headrace available and no tailrace limb of the canal, This arrangement is 
shown in (Fig. 6.13(¢)). 
‘Components of the Diversion Canal Plants 
Following are the main components of canal plants: 
1. Diversion weir with its appurtenant works 
2. Diversion canal intake with its ancillary works, such as sill, trash rack, skimmer wall, inlet 
sluices, settling basin, desilting canal, etc, (These have been described under ‘Canal Intakes’ 
in Chapter 12). Silt exclusion devices form an important aspect of canal intakes in silty 
rivers. Yamuna hydel project in India, as also others, had to devise a special silt excluder as 
the water carried lots of silt 
3. Bridges or culverts etc, of the diversion canal 
4. Forebay and its appurtenances. 


HIGH HEAD DIVERSION PLANTS 


‘The main distinguishing feature of such plants is the development of high head resulting from the 
diversion of water. There are two ways in which this could be achieved: 
(i) The water of the river can be diverted through a system of channels and tunnels to 
another neighbouring river or basin which is at a sufficiently lower level than the main 
river. 





An excellent example of this kind is the Beas-Sutlej link project in India. About 
0.471 million ha-m of water from Beas river are diverted to river Sutlej which is at a much lower 
elevation. Before being discharged into Sule) the water passes through a powerhouse which generates 
267 MW of firm power at the Sutle) end, utilizing a head of 320 m. The 37.3 km long conduit system 
consists of two tunnels and a hydel channel (see also Chapter 19). In case of first stage Koyna project 
(india), waters of easterly owing Koyna river are diverted into westerly flowing Vaitarani river 
‘which joins the Arabian Sea, in the process providing a head of 430 m to the powerhouse. 
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(ii) Water from a river could also be diverted along tunnels from an upstream point to a 
downstream point of the same river. See Fig. 6.1(d). For instance, a diversion w 
across River Tawi J&K) for Chenani project (India) diverts flow in a 20 km long 
conveyance system consisting of 7.2 km of lined channel, 6.5 km of tunnel and 5.3 km 
of cut and cover conduit to create a head of over 300 m, The water from the system 
goes into a pondage pool or balancing reservoir-cum-forebay of 48,340 m* capacity 
Two penstocks lead the water from forebay to the powethouse to produce 25 MW of 
power. 








The high head diversion canal plants are more or less similar to the low head ones, The main 
point of difference is, however, the elaborate conveyance system for the high head plants 

Like in the low head run-of-river plants, the flow in the case of high head diversion canal plants 
also is mainly governed by the flow in the river. The weir creates a pondage that is only sufficient 
to meet the day-to-day fluctuations in the load. However, one occasionally comes across instances 
of major storage provided on the parent river which feeds into the diversion system, If the length of 
the pressure tunnel is considerable, a surge tank may’ be provided upstream of the power station, 
which would smoothen the fluctuations of flow demand. This purpose is served in the canal plants 
by the forebay. The canals follow the contours of the terrain and thus may not have the shortest 
route from the intake to the powerhouse. The tunnels, however, can make their way by the shortest 
distance and thus create enormous heads apart from enabling to divert waters of one basin to the 
other. An illustrative plan of the tunnel is sketched in Fig, 6.14, 
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Fig.6.14 Diversion tunnel development. 


‘A tunnel development is more useful if itis backed by ample storage and high head. Level 
Aluctuations of the reservoir do not materially change the magnitude of the total head and the power 
output can be adjusted by a controlled release of flow from the reservoir. This advantage is not 
available to valley dam plants in which the powerhouse is built on downstream face of the dam itself 
or very near it. Under such cases, a change inthe reservoir level also changes the head proportionately 
This situation puts a limitation on its use as a peaking station, particularly under empty reservoir 
conditions. Chamera HE project stage-I (540 MW) is an example of diversion tunnel plant. The 
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project has a 140 m high conerete arch gravity dam with submerged spillway, and carries water 
through a 9.5 m dia 6.4 km long power tunnel to an underground powerhouse having 3 generating 
units of 180 MW each. It also has a tailrace tunnel of 9.5 m dia and 2.44 km length. 


Components of High Head Diversion Plant 


As described in a diversion canal type of plant, the upstream length of the canal from the 
powerhouse—called the headrace—feeds water to the turbine through tunnels, a forebay and a 
penstock system, The forebay also serves the function of meeting the small fluctuations in the flow 
demand. Thus, the main parts of the high head diversion plant may be listed as follows: 

1. Diversion weir with fish ladders, log chute, locks 
Canal tunnel intake 
Headrace either open or tunnelled with its structures such as aqued 
Forebay/Surge tank 
Penstock 
Power station 
Tailrace, 


1s, bridges etc. 





we 


x2 


‘The parts of diversion tunnel type plant are the same as those of diversion canal type, except 
that a dam replaces a diversion weir, tunnels are used for headrace. reservoir intake is used instead 
of a canal intake and a surge tank is deployed in place of a forebay. These parts are discussed in 
subsequent chapters. 

A high head diversion plant, however, may or may not necessarily have a dam as one of its 
components, Advantage may be taken of natural ground contours such as steep falls in the river. 
‘Thus, heads of considerable magnitude may be available even without constructing a dam. An 
interesting example of such a situation is the Niagara Falls, (USA/Canada) where the advantage of 
hhigh head is taken by laying penstocks just from the upstream side of the falls to the powerhouse at 
the downstream side 

Indian examples of diversion from reservoir created by constructing dam have already been 
given for Beas-Sutlej Link project, Koyna (I-Stage) project and Hirakud dam project, 





STORAGE AND PONDAGE 


In our foregoing discussion of the types of water power plants, we have brought out the different 
characteristics of such plants. In general, valley dam plants are like medium to high head plant with 
adequate storage, while the run-of-river plants are like low to medium head plants without an 
appreciable storage but with a balancing reservoir providing for short-term fluctuations (pondage). 
For diversion canal plants again, the annual storage is generally not provided. High head diversion 
plants on the other hand, may or may not have a storage reservoir. In any case, they do have a 
balancing reservoir close to the powerhouse 

‘An important aspect of the hydraulic design of the plant consists in determining the storage 
capacity in case of storage reservoirs and pondage capacity in case of ponds, balancing reservoirs 
and forebays 


1. Reservoir Capacity 
As far as the reservoir capacity is concemed, we have already explained in an earlier chapter the 
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mass curve procedure of computing the necessary capacity corresponding to the given inflow and 
demand patiern of the turbines 

We would, however, like to add the following comments here to our previous discussion: 

The reservoir capacity arrived at on the basis of mass curve analy sis (this is known as Rippl 
Mass Curve after its originator) has to be adjusted to account for dead storage, evaporation losses 
and carryover storage. 

Dead storage is the capacity of the reservoir that is normally not used in the yearly cycle of 
inflow and outflow. All the capacity below the lowest drawdown level is dead, or idle, but which 
has to be provided to accommodate the deposition of silt in the reservoir, However, sedimentation 
takes place not only in the dead storage but all over the reservoir, reducing its live capacity from the 
very first year of its operation. Figure 6,15 shows a schematic sketch of a reservoir with dead 
storage level and live storage above it tis expected that due to progressive silting the volume below 
the dead storage level will be filled with sediment. 
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(2) Sedimentation in reservoirs 
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() Live and dead storage 
Fig.6.15 Sedimentation pattem and live and dead storage, 


In shallower portions of the reservoir small quantities of sediment deposits are above the dead 
storage level as shown in Fig. 6.15, although the bulk of the deposit is below this level. Sedimentation 
of reservoirs is further described in a subsequent section of this chapter. The life of a reservoir is 
mainly dependent upon its silting capacity. According to Dr A N Khosla, silting capacity in Indian 
conditions may be roughly taken as 3.6 ha-m per 100 sq. km per year. 
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For Ramganga dam in UP the conservatively estimated silting rate is 4.3 ha-m per 100 sq. km 
per year. In other words, in a period of 100 years there will be a loss of 19 per cent in the dead 
storage and a loss of 4.3% in the live storage. 

For faster silting reservoirs, the life of the reservoir would be smaller. For instance, the life of 
Bhakra dam is likely to be much less than 100 years, In most of the dams there is a provision to 
flush out silt through deep seated sluices which are situated below the dead storage level of the 
reservoir. 

The second way of enhancing the life of reservoir is to prevent evaporation losses, We have 
discussed this problem in the chapter on “Hydrology” in a detailed way. Asa thumb rule, at least 
about 2-2,5 m of depth of water in the reservoir over its mean surface area is required to be 
provided to take care of evaporation losses. 

The mass-curve procedure gives one the storage needed to overcome flow fluctuations in a 
bad year, Sometimes, the capacity of the reservoir is so determined that part of its live capacity is 
carried over to the next year as a safety measure. This carryover storage can be determined by 
calculating the storage requirements for a sequence of two or three consecutive dry years, 

Thus, it ought to be clear that estimating the reservoir capacity is not a mechanical process but 
depends upon various factors considered subjectively 


2. Pondage Capacity 


Low-head plants and others that need to have a balancing reservoir to take care of short-term 
fluctuations are generally provided with such a micro-storage in a pond near the powerhouse. In 
case of run-of-river plants, the main weir itself provides on its upstream side the required pondage. 
In case of diversion plants, the pond is required to be created at the end of the canal in the form of 
a forebay reservoir. No matter where the pond is situated. its capacity has to be determined considering, 
the inflow and outflow patterns just as in case of storage reservoirs, As a matter of fact, whereas 
storage reservoirs provide for long-term requirements, the pondage takes care of the hour-to-hour 
fluctuations during a day, or occasionally, day-to-day fluctuations over a weekly cycle. Provision 
of pondage ensures desired instantaneous rate of flow into the turbines under day-to-day changing 
conditions of load as well as in flow. 
Following are the reasons of short-term fluctuations: 


(a) There may be a sudden increase or decrease in the load on the turbine, needing more or 
less water, respectively, within a span of a few seconds, This sudden requirement for 
‘water can be immediately met by the stored water available in the pond created for the 
purpose. Thus, pondage would provide extra water when needed and retain excess water 
when not needed 

(b) The load and thus the demand of water may be steady but the supply of water may 
undergo a change. In natural streams, where there is a powerhouse on the upstream side. 
the flow would change with the release of water from the upstream side. Ifthe powerhouse 
is fed by a conveyance channel, breaches in channel may bring about sudden changes of 
inflow into the pond 

(c) The water demand by the turbines and the natural flow (supply) may change from time to 
time, 
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Pondage. in some cases, may also cater for the weekly demands. In most of the advanced 
countries, the free weekends result in decreased demand of power and, hence, need less water over 
the weekend, The unused water during the period could be ponded for use during weekdays. 

Pondage capacity for varying inflow conditions can be calculated on parallel lines as the storage 
capacity. Ifa typical day’s hourly inflows are known, the average hourly requirement and the total 
maximum cumulative departure from the average over a twenty-four hour period can also be 
calculated. This will be the pondage needed to equalize the daily flow fluctuations. 

Ifadvantage is also to be taken of the water inflow on an off day in a week, one has to provide 
for a pondage which can store the off-day’s inflow for subsequent use during the week 

Load fluctuations on the turbine can be scen in the load curve (Fig. 6.16). The turbine water 
requirement is shown by the average load line, but for T hours the turbines have to cater to loads 
greater than the average. The water demand of turbines is directly proportional o this load and thus, 
wwe have to provide for the pondage which can supply the excess quantity of water needed in 7” 
hours of peak load, Procedure again is similar to the one mentioned above 

The total pondage would be the sum of independent requirements so as to meet all the needs. 
‘An example is given at the end of the chapter to illustrate the procedure. 

If an exact load curve is not known, the following values based on a general pattern are 
recommended by HK Barrows(1943): 
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Generally, a small percentage of the total pondage is needed to allow for wastage as well as 
other operating conditions 
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Fig.6.16 Aload curve 
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3. Pondage Factor 


Pondage factor expresses the ratio of the total inflow hours in a week to the total number of hours 
of power plant running during the same period. If, for instance, a peak load plant operates for five 
days ina week, every day for eight hours, then the pondage factor would be 7*24/5»8 = 4.2 
Pondage factors are a rough guide to the magnitude of pondage needed in cases where the inflow 
is steady and the plant runs only during part of the period 


4, Plant Capacity 


Aller the type of plant to be installed is determined, its capacity is to be pondered over. For high 
head storage, both the flow rate of water to turbines as well as the design head could be determined 
within narrow limits once the storage characteristics are fixed. Knowledge of a definite amount of 
storage and head and the working time during which the plant is to operate help in fixing the plant 
capacity, which would be inversely proportional to the load factor at which the plant is to operate. 

Fora valley-dam plant, ifthe operating load factor is 0.6, the capacity of the powerhouse could 
be certainly increased by operating it ata lower load factor. In other words, the plant takes less base 
oad and more peak load. The present trend isto increase the capacity of hydro-plants by decreasing 
their load factor, This is how additional capacity installations are made at plants even without 
increasing cither the head or storage. 

Generally, the valley-dam plants are built in stages. As other contributions to the grid power 
from thermal and nuclear power increase, the capacity of the plant is increased in a second stage 
development, and at the same time switching its place on the load curve from base load to peak 
load, as in Fig. 6.17(a) and (b). 


Nuclear 








Fig. 6.17 Load distribution 


For low head development, the problem is more involved. Here, no storage is incorporated and 
hence the flow to the powerhouse depends entirely on the flow at any instant. Should we be able to 
provide a plant capacity to correspond to the minimum flow in the river, the plant can operate 
throughout the year on any part of the load curve, However, in doing so we would be wasting 
considerable energy of the water which could be available for use during the high flow times, For 
aplant capacity corresponding toa flow available—say only for 50 per cent of the time,—utilization 
of energy will be better but the plant will generate idle capacity for part of the year, and all the 
capacity cannot now be called a firm capacity. Further, the operation of the plant has to be such that 





Low ao Hic Hiab Pants | 143 





during high flows as much capacity of the plant is utilized as is convenient from the grid load 
sharing point of view. We. thus, have the following two conflicting considerations 


From the viewpoint of maximum utilization of energy, it is advantageous to run the plant 
‘on the base portion of the load curve. 

(ii) From the viewpointof operational convenience and overall efficiency of the entire system, 
the plant is best run as peak loadplant. 


A thorough analysis of the different altematives has to be made in order to determine how 
much energy could be utilized gainfully and whether the plant could be run primarily as base load or 
peak load. 

It may also be kept in mind that the firm capacity is not exactly corresponding to the minimum 
natural flow of the river. The pondage modifies the flow-duration curve and helps to increase the 
firm capacity of the plant. Therefore, a detailed analysis of flow-duration curve (and power 
duration curve) is a must before the capacity calculation is made, 

In general, capacities of low head plants correspond to the flow that is available 40 to 50% of 
the time, Such a flow is many times that of the natural minimum month’s average flow in the river. 

Once the plant capacity if fixed, we could designate the firm capacity and the secondary 
capacity of the plant, 





FLOW- AND POWER-DURATION CURVES 


Flow-duration Curves 


Flow—duration curves are plotted using average monthly 
values of the flow. The earlier practice was to plot such 
curves for each year of the recorded data. Average curves 
were identified from these for wet, normal and dry year. 
Their patterns for any river are shown in Fig, 6.18. Capacity i 
estimates for firm power were then made with the help of 
average dry year's curve, while the secondary capacity 2 
was determined keeping the normal year's or wet year’s 
flow in consideration. A better approach is to use the entire 
recorded data and to summarize it ina single curve, There 


Wet year 
Normal year 
Dry year 






are two ways of doing this: () total period method and (#1) Percentage oftime —~ 
calendar year method. Both these methods utilize the TOW ig. 648 Floweduration curves 
data available for the entire period for which the records 

are available 


In the fora! pertod method, the entire available record is used for drawing the flow-duration 
curve. Thus ten years" record would produce 120 values of monthly average flows, These are first 
tabulated in the ascending order starting from the driest month in the entire period and ending with 
the wettest month of the duration. The resulting curve would then be drawn with the help of 120 
values, 

In the calendar year method, each year’s average monthly values are first arranged in the 
ascending order. Then the average flow values comesponding to the driest month, second driest 
month and so on up to the wettest month are found by taking arithmetic mean of all values of the 
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same rank. These average values are then used for plotting the final flow-duration curve. Such a 
curve would have only twelve points 

Ithas been observed that the total period method gives more accurate results than the calendar 
year method which averages out extreme events, Illustrative examples 6.3 and 6.4 given at the end 
Of this chapter would further clarify the use of both the methods 


Power-duration Curves 





The actual estimate of the power is given by the formula 
P=980H kW 


The available power from a run-of-river plant could be represented by a power-duration curve 
exactly on the lines analogous to a flow—duration curve. Generally, head variation in a run-of-river 
plant is considerably less than discharge variation, If the head is taken as constant at an average 
value, the power-duration curve would exactly correspond to the flow—duration curve. This is 
very often the procedure in rough calculations. However, for a precise power-duration curve the 
head value must be known corresponding to any discharge. Using the above formula, itis possible 
to work out the average monthly power from the plant and construct the power-duration curve by 
arranging the values in ascending order as in the case of flow—duration curves. Tlustrative example 
6.2 clarifies the procedure 





SEDIMENTATION OF RESERVOIRS 


It is necessary to determine the extent of sedimentation in a reservoir that is responsible for reducing 
its effective storage capacity. Normally, the maximum drawdown level in the reservoir is kept 
above the limit to which the sediments would deposit over a period of 100 years (which is normally 
the designed life of the project). The project becomes uneconomical when the dead storage of the 
reservoir is completely consumed by the sediment and it starts encroaching upon the live storage to 
such an extent that the generation from this storage is not enough to sustain the project economically 
about 75% of the useful storage is lost duc to siltation, the life of the reservoir is considered over. 

Its estimated that every cubic metre of water carries an average of about ¥4 kg of sediment 
from the continents to the sea. Considering that most of the eroded material is trapped by the 
floodplains and by lakes and reservoirs during its passage to the sea, the total quantum of eroded 
material is enormous. For the planning and operation of water power, the amount and distribution 
of this sediment trapped by the lakes and reservoirs are of much concern, compared to the material 
going to the sea 

Rivers Ganga and Brahmaputra in India carry very high loads of sediment (1670 million tonnes 
per year). In China, the Yellow river carries 1080 million tonnes of sediment yearly with its average 
Water discharge of 1370 cumec only. As against these. the rivers Ob in Russia and Wisla in Poland 
carry only 6 and 7 tonnes/sq, km, respectively (15 million tonnes per year). Even the biggest river 
Amavon in Brazil (catchment area 6,100,000 sq. km) with an average discharge of 1,72,000 cumec 
carries a comparatively very low sediment load of only 900 million tonnes per year (or 140 tonnes/ 
sq, km yearly). 
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Ithas been observed that most of the reservoirs made for hydel power generation in India are 
facing the problem of much higher sedimentation rates than were anticipated before the construction 
ofthe scheme, Such projects are, therefore, reassessing the life of the reservoirs with the practically 
‘measured sedimentation rates, or by computing these by various empirical and mathematical models 
and evolving strategies to increase the life of the reservoir. The rate of siltation largely depends upon 
the capacity-inflow ratio of the reservoir and the sediment content in the inflow. 

Erosion that detaches and displaces soil and rock fragments or particles by water and other 
geological agents such as wind, ice, volcanoes, earthquakes etc. is a major factor that contributes 
to siltation, Human activities and interference with the environment have the greatest influence on 
soil crosion. These detached particles transported further by various natural processes such as the 
flow of river get deposited wherever they meet with favourable conditions. Some of the kinds and 
causes of erosion are: 

1. Geological erosion, caused by volcanic eruption, carthquakes, land slides, mud flows and 
gullying, which in tum, has also been influenced by man’s activity 
Soil erosion, mainly associated with the agricultural land, forest land or grazing land and 
caused mainly by rainfall or surface runoff in the form of shect erosion, rill erosion or gully 
erosion. 

Water course erosion, the erosion of the stream channel's bank and bed caused by the 
flowing water. 

Erosion and sedimentation depend to a great extent on the physical and hydrological 
characteristics ofa catchment, The physical characteristics ofthe river basin, like peculiar topography 
and geology, influence erosion, sediment transport and deposition, soil type, vegetation, land use 
etc, Hydrological characteristics of the catchment include the precipitation and temperature, 
influencing vegetative cover, runoff cic. Topographical factors include the basin slopes, relief. 
drainage density, valley or floodplain development, orientation of the catchment and its size, Natural 
changes, like earthquakes, volcanoes, avalanches, mud flows and landslides also influence erosion 
and sediment movement 

The sediment load may be broadly categorized as suspended load and bed load. The suspended 
oad consisting of finer particles is mostly carried along with the stream in suspension and gets 
deposited if it meets with favourable conditions of sufficient detention time, reduced speed and 
sulficiont length of the pool. The bed load consists of coarse material which moves or rolls along, 
near the bed of the stream 

Standard grade sizes developed by American Geophysical Union Subcommittee on Sediment 
Terminology, which are generally adopted worldwide, are tabulated in Table 6.1 


Measurement of Sediment Load 


‘The most commonly adopted method of estimating the sediment load in a stream is by actually 
‘measuring the sediment contents in a sample of water ata cross-section of the stream, The suspended 
sediment is measured by sampling, while the bed load is estimated as some percentage of suspended 
sediments normally in the range of 525% depending upon the geologic and other conditions of the 
region. However, the bed load can also be sampled by special bed load samplers. 
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Table 6.1 Class-nise sizes for sediment analysis 





























Class ‘Size in millimetres 

H Very fine elay (0.00024 ~0,0005 
Fine clay 0.0005 ~0,0010 
Medium clay o.0n1 -0.002 
Coarse clay 0.002 -0.004 

2. Very fine sit 0.004 -0.008 
Fine silt 0.008 -0.016 
Medium silt 0.016 ~0.031 
Coarse silt 0.031 ~0.062 

3 Very fine sand 0.062 -0.125 
Fine sand 
Medium sand 
Coarse sand 050-10 

4 Very fine gravel 20-40 
Fine gravel 40-80 
‘Medium gravel 80-160 
Coarse gravel 16-32 
Very coarse gravel 32-64 

5 Small cobbles 64-130 
Large cobbles 130-250 
Small boulders 250 ~500 
‘Medium boulders 500 — 1000 
Large boulders 1000 -2000 
Very large boulders 2000 — 4000 





Sampling of Suspended Sediment 


For the purpose of sampling the water-sediment mixture at a particular location in the river the 
equipment used (which is generally a bottle of standard capacity) should be such that its submersion 
into the stream does not alter the flow pattern of the stream materially, Samples are collected near 
the bottom of the stream and at the mean depth (0.6 depth from the surface of water). This can be 
done by wading, if possible, or fom a bridge or cable way. For deep rivers, depth-integrated 
sampling is done using a depth-integrated sampler that collects the sample as itis lowered to the 
bottom of the stream and raised back to the surface at a suitable uniform speed along a vertical, In 
the USA, many kinds of samplers are popular, such as, US DH-48 (Depth-integrating suspended 
sediment cable and reel sampler) and US P-61 (Point integrating suspended sediment cable-and-reel 
sampler). In India the most commonly used point depth sampler is the Punjab type bottle sampler 
with a capacity of 1 litre. 

Depending upon the accuracy desired, a number of verticals along the width of the stream can 
be selected (as done in velocity measurements) for a better estimate of the sediment concentration 
and distribution of sediment size. However, sampling at a single vertical may be adequate for 
streams with a stable cross-section and if the lateral suspended sediment distribution is more or less 
uniform 

The collected material is filtered and oven-dried, Then by sieving through various pore sizes 
and weighing cach such fraction, the percentage of various grain sizes is determined. For finer 
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grain (smaller than 0,062 mm and up to 0,002 mm) other methods, such as Pipet method of BW 
(bottom withdrawal) tube, are to be used. The fundamental principle of these methods is to determine 
the concentration of a suspension at a particular depth as a function of settling time. The time and 
depth of withdrawal are determined based on Stokes” law for various particle sizes. The sediment 
load is usually represented in tonnes/day. This may also be represented in volumetric units like 
ha-m/day, for which, however, the specific weight of the dry sediments should be known. 

‘The concentration of suspended sediment is expressed as ppm (parts per million) and is equivalent 
to the weight of the sediment in milligrams per litre of water-sediment mixture. Ibis the ratio of dry 
weight of sediment to the volume of mixture, The numerical values of ppm and milligrams per litre 
are equal when the density of the mixture is 1.00 and 1 litre of it weighs 1,000 grams. This holds 
good for a fairly high concentration of sediments—up to 16,000 ppm. Beyond this, the increase in 
concentration increases the density of the mixture and, therefore, a correction factor is to be used. 

Sediment concentration and sediment load are related by the following relationship: 


Q, = 0.0864 0,C, (6.1) 


where Q, is the suspended sediment load in tonnes/day 

Q,, is the water discharge in the stream in cumec 

Cis the concentration of the sediment in mg/l 

(For sediment load in (British) tons/day and discharge in cusec, the factor 0.0864 is to be 

replaced by 0.0027.) 
Estimation of Bed Load 
Bed load can be sampled in the same way as suspended load, Amongst the many samplers available, 
the Russian type bed sampler is most suitable in alluvial channels, Estimation can also be done by 
empirical formulae. Alternatively, some percentage (varying between 5 and 25) of the measured 
suspended sediment may also be taken based on general observations and judgment. 
Empirical Formulae 
‘The commonly used expressions for estimating the bed load in a stream are Einstcin’s equation, 
Schoklitsch’s equation and Meyer-Peter’s equation: of which, one is given as below, 
Meyer-Peter’s Formula 


Q 
where Q, is the actual discharge (cumec) 
Q is the discharge, considering the sides of the channel to be friction less (cumec) 
N’ is the Manning's coefficient for plain bed = (ks)!°/24. where ks is the effective grain 
diameter in m 
N is the Manning's coefficient for actual (rippled) bed 
wis the sp. wt. of water (tonnes/m*) 
Sis the slope of the channel 
y is the depth of water (m) 
w, is the sp, wt. of sediment particles (tonnes/m’) 
D_ is the grain diameter (m) 
gis the acceleration due to gravity (m/s*) 
g,, i8 the rate of bed load transport per unit width of channel (tonnes/m/s) 





(6.2) 





(NINE AWS. y = 0.047 (wav + 0.25 Gw'g)!? (gy 
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Borland and Maddock’s Percentages 
Based on their experience, Borland and Maddock gave the estimates of bed load as a percentage of 
suspended load in a stream, depending upon the concentration and type of sediments. These are 
given in Table 6.2. 


Table6.2 Bod load estimates 





8. Suspended load Bed Suspended | Percentage hed load 
No. concentration material material in terms of total 
suspended load 











Low Sand About same as bed Upto 50 
(1000 ppm or less) Gravel ‘Small amount 
or rock of sand 
2 | Medium Sand About same as bed 10-20 
(1000-7500 ppm) 
3. | High Gravel % 5-10 
(more than 7500 ppm) | or rock sand or less 
Sand About same as bed 10-20 
Gravel 25% 2-8 





or rock sand or less 

















Sediment Deposition Patterns in Reservoirs 


Sedimentation starts all over the reservoir from the first day of its use. The bed load and coarse 
sediments start depositing in the form of a delta from the mouth of the reservoir at the head and 
reaches where the flow velocities are low. Its particle size is more than 0.062 mm, The fine 
sediment load moves forward into the reservoir as stratified or non-stratified flow. Depending on 
the factors like reservoir geometry, sediment particle size and characteristics, river slope hydraulic 
conditions, reservoir operation, location of outlets in the dam etc., the deposition pattern takes 
different profiles, Morris et al. have indicated a generalized profile of deposition in a reservoir and 
the types of deposition patterns, as shown in Fig, 6.15(a). 

The fine sediment deposits in a wedge shape near the dam in small reservoirs or in large 
reservoirs operated at low water levels during floods. The tapering deposit with fine sediments 
moving towards the dam occurs in long reservoirs operated at high pool level. Such deposits 
progressively thin out towards the dam, The uniform deposit with small proportion of fine sediments 
isunusual and takes place in narrow reservoirs with fluctuating operating level. The actual deposition 
pattern in reservoirs may be complex and a combination of different pattems, For example the 
deposition pattern in reservoirs of Bhakra, Maithon, Panchet, and Pong projects exhibits a delta 
formation at minimum drawdown level which, over a time period, progressively moves towards 
the dam. After a while the pattern becomes a combination of tapering and uniform types. 


Estimation of Sediment 





istribution 


Although several methods are available for estimating the sediment distribution and for finding the 
revised capacity of the reservoir after certain period (say 50 years.and 100 years), the most commonly 
used ones are 
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(/) Area-increment method 
(ii) Empirical area-reduction method 

(iit) Moody’s method. 

All these methods attempt to find the new zero elevation, ic., elevation of the bed up to which 
the sediment would have deposited after a certain period. The second and third methods are similar 
except that in the former, more than one trial may be required, while the latter does not require any 
trial and error procedure. These are described subsequently 
() Area-increment Method 
This method is based on the premise that the sediment deposited in the reservoir may be approximated 
by successively reducing the reservoir area at each elevation by a certain fixed amount, The prismoidal 
formula is used for calculating the reservoir capacities from the reduced surface areas, until the 
total reservoir capacity below the full reservoir level (FRL) becomes equal to the pre-determined 
reservoir capacity obtained by subtracting the accumulated sediment over the time from the original 
capaci 

The basic equation used is 








V,=A,(H-h) + ¥, (63) 
where V, is the volume of sediment to be distributed in the reservoir (in ha-m) 
A,, is the original reservoir area at its new zero elevation (in ha). This is also called area 
correction factor. 
H_ is the reservoir depth below FRL (in m) 
1h, is the depth to which the reservoir is completely filled with sediment (in m) 


V., is the volume of sediment below new zero elevation (in ha-m) 


It should be noted here that V,, represents the sediment yolume below assumed new zero 
elevation of the reservoir, while V, represents sediment volume uniformly distributed vertically over 
the height (H—h,) with area equal to 4,, 

(i) Empirical Area-reduction Method 

Based on the plots of their capacity to depth on a log-log scale (Fig. 6.19), the reservoirs in this 
method are classified as in Table 6.3. 











Table6.3. 
Bpe Reciprocal of slope of line ‘m’ Type of reservoir 
351045 Plain 
1 251033 Flood plain-Foothill 
151025 Hill 
Vv Hols Gorge 

















For the above classification, the type curves depicting percentage sediment deposited versus 
the percentage reservoir depth are shown in Fig. 6.20. 
The equation used for the design curves is as follows: 


Cp” (—py" (6.4) 
Where a, is a non-dimensional relative area at relative distance ‘p’ above the stream bed. 
C.m.n are the non-dimensional constants fixed on the basis of reservoir type. 
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Fig.6.19 Determination of reservoir type, 
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Fig.6.20 Storage design type curves, 


The step-by-step procedure for using the method is as follows 


1. Ascertain the type of reservoir from Fig. 6.19. 

2. Tabulate the values of original area, capacity and relative depth at all elevation segments 
from bed level to the normal water surface. 

3. Assume some new zero elevation above the original stream bed level. 


4. Find the surface area corresponding to the new zero elevation from the reservoir area 
capacity curve 
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10, 
u 


Find the relative depth corresponding to the new zero elevation and obtain relative sediment 
area (a,) from Fig. 6.21 for the given type of reservoir. 
Calculate K, the ratio of original area at assumed new zero elevation to the corresponding 
a, value, 
Multiply by a, to get the ineremental sediment area 
Calculate the incremental sediment volume by the formula 

V= hi (A, +A) (65) 
where /r is the height of the segment, A, and A, are the areas at the end of segment, and 
Vis the volume of the segment. 
Calculate the cumulative sediment volume. 
Find the revised area by subtracting the area value obtained in step 7 from original area. 
Find the revised capacity by subtracting the accumulated volume (step 9) from original 
volume, 
Repeat the above steps forall elevation segments. 
If the sum of all computed incremental volumes (step 8) is equal to the total sediment 
volume deposited as per yearly sedimentation rate in the given number of years, the 
assumed zero elevation is correct. However, if it varies by more than 1%, then another 
zero elevation is to be assumed and the exercise repeated. An illustrative example given at 
the end of the chapter further clarifies the above steps. 
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Fig.6.21 Area design curves, 
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Fig.6.22 Relation between (p) and (h,) 


Gi) Moody's Method 
‘The fundamental equation used in the method is 





% 4 
JAa+ [Kady (6.6) 
a 0 
is the total sediment to be distributed 

is the original zero elevation at the dam 

is the new zero clevation at the dam after the period of sedimentation 

is the reservoir surface area 

is incremental elevation (or depth) 

is the total depth of the reservoir 

is the proportionality constant to convert relative sediment areas to actual areas of the 
reservoir 

a isrelative sediment area 


where 








Solving the above equation and simplifying, the following relationship is obtained: 


1-V(p) _ S-V (pH) 
a(p) “HAC pt) 
where Vip) is the relative volume of reservoir at new zero elevation 
a(p) is the relative area of reservoir at new zero elevation. 
V(pH) is the total reservoir capacity at new zero elevation, 
His the original depth of reservoir for normal water surface. 
A(pH) is the total reservoir area at new zero clevation. 





(6.7) 
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_ LV) 
Let ol apy (68) 
then ht, = SV) 69) 
")” HAPH) 


where suffix p and pH respectively denote the values for incremental (or relative) reservoir zero 
elevations and original total reservoir 

In the above fi, denotes a function of one of the four types of theoretical design curves as 
shown in Fig, 6.22.and h’,, denotes a function ofa particular reservoir and its anticipated sediment 
storage. 

As seen from the above h, and fi, will be equal at the new zero elevation, Y,, 

‘Table 6.4 and Fig. 622 show the value of the function h,. for the four types of reservoirs. The 
corresponding dimensionless storage design curves for these types are drawn in Fig. 6.20 and the 
area design curves in Fig. 6.21, For a given reservoir, the fy, and f,, curves are drawn for 
relative reservoir depth (p) and the intersection point of the two, P, is found giving the relative 
depth for the new zero elevation. The zero elevation, therefore, can be computed by adding the 
product PH to the original stream bed elevation, Illustrative Example 6.8 at the end of the chapter 
shows the procedure of calculation of new zero elevation by this method. 




















Table6.4 
P Talues of the fimetion hy for the reservoir 
pe 1 Type I pe Ill pe I 
9967 10.568 1203, 02023 
23 3.758 5544 02390 
31.49 3 2.087 02796 
1453 1.495, 1013, 02911 
697 1.169 0.6821 02932 
4.145 0.9706 05180 0.2878 
2776 038299 4178 02781 
1.900 07212 03486 
1.495 0.6325 02968 02518 
1109 65 0.2333 0.2365 
0.9076 0.4900 02212 02197 
0.7267 0.4303 01917 02010 
0.5860 03768 0.1687 0.1826 
0.4732 03253 1422 0.1637 
0.3805 0.2780 0.1207 o44s 
03026 0.2333 0.1008 1245 
0.2359 0.1907 0.08204 o.1044 
0177 0.1500 0.06428, 0.08397 
0.1202 0.1107 008731 0.06330 
0.08011 007276 003101 0.08239 
0.05830 0.03690 0.01527 0.02123 
098 o.o1do4 001425 (0.006057 0.008534 
099 0.00741 0.007109 0.003020 0.002470 
100 0 0 0 0 
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Trap Efficiency of Reservoir 

‘Trap efficiency of a reservoir is the ratio of sediment deposited to the total sediment inflow. This is 
the efficiency of the reservoir to trap and deposit the sediment in its storage. Initially, when the 
storage in the reservoir is ample, trap efficiency is very high, Gradual sedimentation reduces the 
water storage capacity and the trap efficiency of the reservoir, This also depends on the sediment 
characteristics and detention time of the inflow. Trap efficiency for very fine particles is less while 
for coarser particles itis high. Trap efficiency of newly built reservoirs is usually above 90%— 
even 100% in some cases 
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Fig.6.23 Trap efficiency v/s capacity inflow rato. 
Ceapacity inflow ratio of the reservoir is closely related with its trap efficiency. It is less than 
tunity, the reservoir is treated as seasonal. If it is more than unity, it is taken as a storage reservoir. 


Gunnar M. Brune analysed a large number of reservoirs of various types and developed curves for 
the trap efficiency based on their capacity-inflow ratios, These curves are shown in Fig, 6.23, 


(Churchil's curve 


Equation of curve 
per cent passing 
= 800 $0242 


Sit passing through reservoir % 





108 108 108 107 108 108 
‘Sedimentation index: 


Fig.6.24 Churchill's curve. 
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Based on what is called the sedimentation index (SI), and defined as the ratio of period of 
retention to the mean velocity through the reservoir, M A Churchill also developed a relationship 
between the percentage of incoming sediment passing through the reservoir and the SI. Churchill’s 
curve is shown in Fig. 6.24. Various terms used in finding the tap efliciency of a reservoir are 
described as follows: 

Capacity: The reservoir capacity at mean operating poo! level. 
Inflow: The average daily inflow rate during the period under consideration. 
Period of Retention: The ratio of capacity (in m+) to inflow rate (in cumec). 





Length; Length of the reservoir in m at the mean operating pool level. 

Velocity: Mean velocity in m/s obtained by dividing the inflow by the average area in sqm. 
Average area; The average cross-sectional area obtained by dividing the capacity by length. 
Sedimentation index: Ratio of the period of retention and velocity. In the original formulation this 
has a unit of ft", as the curve of sediment index v/s per cent sediment passing through the 
reservoir Was originally developed for FPS units. Therefore, the value of SI obtained as above in 
MKS units should be multiplied by a factor of 0.305 before using the curve. For FPS units, this is 
not required. 


Sediment Distribution in Live and Dead Storage 


Asa rough assessment in the initial planning stages, a relationship as follows can be used to estimate 
the distribution of total sediments in dead and live storage, based on Borland and Miller classification 
of reservoirs, This, however, does not help in knowing the likely deposition percentage at various 
levels nor the deposition pattern: 
S=Kc" 

where Sis the percentage of total sediment in dead storage 

Cis the percentage of dead storage of total storage up to normal pool elevation 

K, are the constants as given in the accompanying Table 6,5, as per the four classifications 








of reservoirs, 
Table6.5 Valuesof constants 
Reservoir pe Value of 
K n 
078 
036 
035 
Vv 030 

















The likely deposition pattern can be approximated by semi-empirical methods, such as those 
given by Orth and Shomoy, Rooseboom or Annandale. These are not described here, A better way 
of knowing the deposition pattern is by mathematical or physical modelling. 
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‘The commonly used mathematical models are HEC-6, MIKE-11, MIKE-21, CHARIMA. 
TIDEWAY-2D, TELEMAC 2D, RASSED etc. The HEC-6 model developed by the US Army Corps 
of Engineers analyses scour and deposition in rivers and reservoirs with regard to hydraulics of 
flow, interaction between water sediment mixture and sediment material forming the stream’s 
boundary. The program determines both the location and volume of sediment deposits. using the 
observed trend of discharge and sediments in the stream, the observed grain-size distribution and 
the river/reservoir geometry. With the help of different sediment transport equations such as those 
by Ackers-White, Toffaleti, Yang's, DuBoy’s etc, and knowing various hydraulic parameters, the 
models can predict sediment deposition patterns longitudinally along a reservoir. These packages 
are available widely and provide a good estimate of sediment deposition. These have also been used 
to predict the life of major Indian reservoirs. For example, the RASSED model used for Bhakra dam 
reservoir indicated that 25%, $0% and 75% of the storage will be lost in the reservoir by the years 
2007, 2045 and 2100 respectively, while the dead storage will be filled up by the year 2068. 

In China, some 83.400 reservoirs with a total storage capacity of 450% 10° m° have so far been 
built for various purposes, such as hydro-power, irrigation flood protection, navigation, water 
supply. etc. However. about 19% of China's land area is affected by soil erosion, causing heavy 
sedimentation in the country’s large rivers. Concentrations as high as 1600 kg/m’ have been recorded 
in the Yellow and Yongding rivers. 

Soil erosion can be best checked by soil conservation methods which may be structural or 
non-structural in nature, The non-structural measures include increasing vegetation cover, forests 
and grasses, creation of terraced fields for agricultural development, strip cropping, etc. The structural 
measures include providing retaining dams/weirs, gully plugging, bank protection, contour bunding, 
and other engineering measures, The silt laden water with fine particles can be utilized to irrigate 
crops as it contains rich nutrients. The diversion of muddy waters for warping and irrigation thus 
reduces reservoir sedimentation as well as development of new rich farmland—as was done in the 
middle and lower reaches of Yellow river in China where water with heavy concentration of sediment 
as high as 400 kg/m’ has been conveyed over a distance of 200 km. 

Silt excluders, sedimentation tanks, silt traps, etc, are some of the methods by which silt is 
restricted from entering water conveyance system leading to turbines. The Nathpa Jhakri project 
has many unique features including a huge underground desilting complex with four chambers that 
are 525 m long, 16.3 m wide and 27.5 m deep. Dredging can also be done mechanically or with 
suction machines for small reservoirs, although itis relatively expensive. 

















ILLUSTRATIVE EXAMPLES 





Example 6.1 





Following is 15-year record of average yearly flow [Columns 1 and 2] in # particular river. IF the 
available head is 15 m, construct the flow-duration curve and power-duration curve for the 
river: 
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S Tear | Flow | Flow in ascending Power Sage of time 
No, feumec) | order feumec (9801180) availability 
o 2) a wo 6) 
=9N «15% 3) = 15+ 1-nis 
1 | 1956 | 90s 590 8,670 100.00 
2 | 1957 | 865 «2s 9,20 m4 
3 | 1998 | 1,050 675 9s 867 
4 | 1959 | 1,105 ns 10,500 80.0 
s | 1960 | 67s 75 11,400 BA 
6 | 1961 | 715 810 11,900 667 
7 | 1962 | 850 850 12,500 60.0 
s | 1963 | 75 865 12,700 334 
9 | 1964 | 590 Bas 13,000 467 
to | 1965 | 62s 908 13,300 40.0 
u | 1966 | 810 925 13,600 333 
12 | 1967 | 885 1,025 267 
13, | 1968 | 1,025 1,050 15,430 200 
14 | 1969 | 1,150 1,105 16,250 133 
1s_| 1970 | 925 1,150 16,910 67 
Solution: 


‘The yearly flow values are arranged in Column 3, in ascending order of the magnitude irrespective 
of the year of occurrence. Assuming the minimum Mow (590) to be available for 100 per eent of 
the time, the percentage availability for all other ranks is calculated in Column 5. The flow= 
duration curve is plotted with flow values on ordinate and percentage of time on abscissa as 
shown in Fig. 6.25. The power-duration curve which results from Column 4 also has a similar 
shape. The ordinates of flowduration curve are multiplied by 9.84 = 147 in order to wet the 
ordinates of power-duration curve. All values in Cols. (4) and (5) are suitably rounded. 
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900) 


Flow (cures) —= 
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Fig.6.25. 
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Example 6.2 


It is contemplated to develop a run-of-river plant on river Aur in Switzerland, The variation of 
dischange with head was recorded as in Columns 1 and 2 below. Plot the power-duration curve 











Discharge Mead Power Percentage of 

(eumec) a) (28 OH, ki) time 
w i) Bp w 
100 0 1272 100 
180 120 2118 889 
215 1178 2478 18 
260 1s 2930 667 
325 1125 3582 556 
370 lo 3986 444 
460 100 4310 333 
600 95 5580 22 
700 975 6660 frat 

















Solution: 
‘The values for power in kW are calculated by the formula P = 9.8 OMT and are tabulated in 
Column (3). Itis important that if these values are not in ascending onder of magnitude they 
should be arranged so. With the minimum power value ranked at No.1 assumed to be available 
for 100 per cent of the time, the percentages for other ranks are calculated as in Column (4). ‘The 
resulting power-duration curve is as in Fig. 626 


2000 


Power (kW) —= 
g & 
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Percentage of ime —» 


Fig.6.28, 


Example 6.3 


‘The following values of flow Which are arranged in ascending order of magnitude were observed 
in a river. The number of days for which these flows occurred are also mentioned, Plot the 
corresponding flow-duration curve by the total period method. 
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Discharge No.of Days equalled Percentage 
days or exceeded of tine 
w a fo) wo 
s 365, 100.0 
a 360 986 
4 352 96.5 
1B 348. 954 
7 335, O18 
15 318 372 
u 303 83.0 
6 292 800 
9 286 784 
4 277 758 
7 263 20 
20 246 675 
12 226 620 
4 214 586 
21 200 48 
5 179 490 
12 174 417 
18 162 434 
B 44 3945 
12 131 359 
7 ng 326 
9 2 307 
8 103 282 
ul 95 260 
8 st 230 
a 16 208 
15 63 173 
12 48 1315 
8 36 9.86 
3 28 767 
6 23 63 
5 7 466 
3 12 329 
4 9 247 
2 3 137 
3 3 0822 























Solution: 
Column (2) signifies the number of days the given flow equalled a value between this flow and 
flow next below. Thus, for example, a flow between 450 and 460 m°/s occurred 12 times during the 
year. Here, E Column (2) = 365 days. Column (3) represents the number of days the given flow is 
equalled or exceeded, The minimum value of flow can be assumed to be occurring for all the 365 
days or 100 per cent in a year. Hence, the days for which the other flows equalled or exceeded 
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can be found out from the corresponding values of the preceding flow: For example, a flow of 210 
cumee was equalled or exceeded for 365 ~ 5 = 360 days. Taking the minimum value of low to be 
‘occurring for 100 per cent times, the corresponding percentages with reference to Column (3) 
cean be calculated and tabulated in column (4), ‘The flow-duration eurve plotted from the values 
of Column (1) and Column (4) is shown in Fig, 6.27, 





Fow (cumes) = 
8 8 
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Fig.6.27. 


Example 6.4 


‘The flow Values for a river for ten years have been arranged for each year in ascending order of 
magnitude irrespective of the month of occurrence and are tabulated below: Plot the flow- 
duration curve by calendar year method 














Tay a 






































“Flows in cumee during the year arranged in ascending onder of magnitude 
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Solution: 
‘The values of flow have been tabulated in order of their volume. Thus, the values in the first row 


show the minimum flow during various years, the second row indicates the flow values for the 
next lesser lean month and so on. ‘The average values of flow for the driest months, second 
driest months and so on have been calculated and tabulated in column (2), Assuming the lowest 
(driest) value of flow to be occurring throughout the year, ie, for 100 per cent of time, the 
percentages for other values are calculated correspondingly and tabulated in column (3). These 
values along with their percentages have heen plotled as a curve in Fig, 6.28. 
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Fig. 6.28 


Example 6.5 
Assuming that the daily flow in a river is constant at 15 m/s, what would be the firm capacity of 
a run-of-niver plant, to be used as an S-hour peaking station? What would be the pondage factor 
and the magnitude of the pondage? Head of the plant = 10 m. Overall 1) = 80 per cent. 


Solution: 
100015 x10 
LOD t5 x10. 








Firm capacity without ponds o8 
" bs 75 
= 1600 hp 
Fighthour flow =15* # =45 mis 
24 
Pondage factor Ha30 
i 3 





F 
Pondage needed for a 16 hour flow = 


7m capacity with pondage = 3 * 1,600 = 4,800 hp 
5 «3,600 « 16=0.864 M cu, m. 








Example 6.6 


A river has an average daily flow of 30 m’/s during a typical low water week, A low head hydro- 
electric plant proposed on this river is designed to operate for six days in a week, round the 
clock. ‘The plint supplies power to a variable load, the nature of variation of which can be 





presumed to be as follows 
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‘The other relevant data are as given below 
Full pond effective head on turbines = 15m 
‘Max, allowable pond fluctuation =11m 
Overall 9, of turbine = 88% 
Generator 1), =92% 
Pondage necessary to cover inflow fluctuations = 4 hours of average daily inflow 
Sunday (idle day) inflow to be fully used. 
Find: 


(a) Weekly energy output from the plant 
(5) the surface area of the pond for satisfactory operation, 











Solution: 
Since seven days’ inflow is to be used in six days, the average flow to the turbine = 30 * 7/6 


sm" /s 
From the data, daily load factor = 1/1,.5=0.67 
Maximum head = 15m 














Minimum head = (15~1)= 14m 
Average head =145m, 
wOh 
Power, P= nenx WOH 
a 





or P=0.88* 0.92 


Weekly energy output 
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Pondage 

Pondage is needed to cover the following four aspects 
() To store the idle day's flow, 

(it) To balance the varying demand, 

(iii) ‘To balance fluctuations in the inflow. 

(iv) To compensate for wastage and spillage, 
(The idle day’s flow =30 « 3600 » 24 

92» 10° m* 

(if) Load variation. ‘The hatched portion in the Fig. 6.29 shows the excess above average 
\Wwhich is required to be met from the pondage. Since the head can be treated as constant 
load is directly proportional to the discharge to the turbines, 

(a) Excess volume of flow from pondage between 6 am, to 12 noon = (1.4 ~ 1.0) * 
Average discharge * 6 hours 
(b) Excess volume between 12 noon to 6 p.m 
= (1.5 ~ 1.0) * average discharge * 6 hours 
Therefore, total pondage for load fluctuation = (a) + (b) 
$0.9 30 « 3,600 «6 
=0.225 «2.592 10 m* 

(iii) Pondage for inflow fluctuation = 30% 3,600 «4 m* 

= 0,167 2.592 « 10° 

















Sum total of), (ii)and Gi) = 1.392 « 2.592 « 10%m’ 
=3.61 «105m 
(iv) Waste and spillage can be assumed at 10% of the above. 


Therefore, total pondage needed = 3.97 « 10° m> 

Since maximum Muetuation allowed is 1 m, the surface area of pond 
3.97% 10m? 
3.97 sq km, say 4.0 km? 

*(The actual level of the pond would be determined from the site contours, the area calculated 
below can be presumed fo correspond to the mean of those between the maximum elevation and 
the minimum elevation), 














Example 6.7 


‘Typical weekly and daily releases of water from an upstream reservoir on a river area ure given, 
below. Estimate the pondage capacity to operate a run-of-river plant at a downstream location 
so that a steady uniform power output is available from the plant 








Weekly Release Return 
Day Average daily release rate, ms 

Sunday 20 

Monday 40 

Tuesday 50 

Wednesday 60 

‘Thursday 50 

Friday 37 

Saturday” 30 
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Daily Release Return 
Time ohne released in percentage 
12 midnight ~ 6 am. 5 
6.am,—12 noon 35 
12 noon ~ 6 pm 50 
6 pm. — 12 midnight 10 
Solution: 
(i) Pondage for weekly discharge fluctuation 
Day fvernge dant Weekly Departure 
discharge ms average from mean 
mis ave be 
Sunday 20 41 -21 
Monday 40 AL 
Tuesday 50 9 
Wednesday 60 9 
Thursday 50 +9 
Friday 37 -4 
Saturday 30 a 
Total 287 Cum dep. 37 137 




















Pondage required = 37 « 24 «3,600 =3.2 10° m’ 

(i) Pondage for daily discharge fluctuation 

This ean be calculated for an average day of 41 m°/s discharge 

‘The corresponding 24 hours volume =41 * 3600 * 24 = 3.54» 10%m? 

















Avenige volume needed by the turbines in 6 hours 3.54/4 « 10° = 0.885 « 10° m? 
Actual volume releases from the reservoir are as below: 
Time Percentage | Actual vol. | Vol needed | Difference in 108 nt 
release | release in | in 6 hours 
in 6 hours ~ve ne 
12 midnight to 6 am 3 | 017 » 108| o.g85 «10° 0.708 
6am. to 12 noon 35 | 1.239 109] 0.885 10°} 0.384 
12 noon to 6 pam. 0 177» 10% | 0885-10" 0.88 
6 pm, to 12 midnight 10 [0354 « 108 | 0.885 «10° 0.531 
Total [1.239 + 10m] 1.239 = 10m? 


























Pondage for daily fluctuations = 1.239 * 10° m* 
Total pondage = (1) + (i) =3.2 » 10°+ 1,239 » 10° 





4.439. 10°m? 


Example 6.8 


Ina reservoir in Himachal Pradesh the sedimentation rate observed is 746 ha-m per year. ‘The 
reservoir elevation-area-capacity values are given below. The average inflow to the reservoir is, 
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200 cumee and its length at the mean operating pool level of EL 760 is 18 km. Find the trap 
efficiency of the reservoir by Brune’s method and Churchill's method. Also calculate the new 
‘veto elevation of the reservoir after 25 years of sedimentation by empirical area-reduction, area- 
increment and Moody’s methods, 

Elevation (m) Teta reservoir area Total reservoir capacity 
640 0 0 
650 15 200 
660 335 
670 1000 
680 1985 
690 3500 
695 4500 
700 5605 
705 7100 
m0 8500 
720 12255 
730 17500 
740 23030 
750 30750 
760 39130 
Solution: 

‘Trap efficiency by Brune’s method 

Inflow = 200 cumee. = 6307 « 10°eum 

Capacity at EL, 760 391.3 « 10%cu.m 


‘Therefore, the eapacity-inflow ratio = 0062 
From Fig. 6.23, trap efficiency = 80% 
(The upper enveloping value of trap efficiency for the above ratio is 88%) 
‘Trap efficieney by Churchill’s method 
1=Inflow=200 eumec 
C = Capacity at EL 760 = 391.3 = 10° cum 
1, =Length= 18km=18,000m 
Period of retention = C= 391.3 » 10°/200= 1.9565 « 10° 
A=CIL=391.3 « 10°08,000 =21,738.9 
V =A =200/21.738.9= 0.0092 











Sedimentation index St = 2505*Period of retention 





Veloci 
= 05051 9565108 _ ao 7 
~~~ 9.0092 z 

From Fig. 6.24, for a sedimentation index = 6.48 = 107 





Percentage passing the reservoir = 8.2% 
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Empirical Area-reducation Method: (Table 6.6 and Table 6.7) 


Table6.6 Empirical area-reduction method 


Given: Annual sediment inflow =746 ha-m 
Bed level =640m 
RL 760m. 
‘Vol. of sediment to be distributed in 26 years = 18,650 ha-m 
Trial I: New zero elevation = 700, A= 194.44 

































































Onginal Depth | Relative | a, for | Sediment Accumulated 
No. | leva | area | Copa. | @0v¢ | depth | spel (Tra ] Volume | setlment 
tion | haem) | ciny | Ped | tha) | (ham) vlame 
(ha-m) xk Litad 
i 2 3 4 5 6 7 8 9 10 
a 760 | 930 120 | 1.00 | 0.00 0} sieos | 17,543.90 
2. 750, | 785 110 Joos | 084 | 16333) 1,847.20 | 16,727.25 
3 740 | 670 100 | 083 | 1.06 | 206.11 | 213890 | 1488005 
4 730 | 520 90 |o7s | ita 2,284.75 | 12,741.15 
5 720 | 425 so | o67 | 1.21 10,436.40 
6 710 m | oss | 1.26 24s | 2,450.00 8.0064 
1 700 | 24s o | 0s | 126 24s | 2,105.00 5.605, 
8 690 | 170 so | 042 | 1.22 170 1,515 3.500, 
9 xo | 125 w | 033 | 114 12s 985 1,985 
10 om | 75 3% | 025 | 105 78 645 1,000 
n 660 | 41 2 | 017 | 092 41 155 355 
2 60 | as 10 | 008 | 0.66 1s 200 200 
13 ow | 0 0 0 o 0 0 0 
1. Ascertain the type of reservoir by plotting depth v/s capacity curve. For this reservoir 
m=27 therefore, itis of type I (Fig. 619), 
2. Enter the elevation values, original area original capacity depth above bed and relative 
depth in eo, 2, 3, 4, 5 and 6, respectively 
3. From Fig. 621, write the value of a, for the type of reservoir as in Col.7 
4. For the first trial, assume EL 700 as the new zero elevation, For this K'= Original area/a,, 
245/1.26= 194.44. 
5. Calculate the sediment area as k * a, (Col. 8) 
6 Calculate incremental sediment volume by formula (4 ;+4,)h/2 and enter in Col. 9 
7. Sum up the incremental sediment volumes in Col.9 above the assumed zero elevation 700, 
1,938.9 haem) and to this ada the original volume of 5605 haem up to EL 700. ‘This total 
is 17,543.90 ha-m which varies by more than 1% of the sediment volume (18,650 ha-m to be 
distributed, ‘Therefore another new zero elevation is to be assumed as a second trial 
8. Assume a zero elevation of 701.5. The corresponding & = 205.65. Complete the columns 1 





to 9 in Table 6.7 as stated above. ‘The total incremental sediment volume as in Col.9 ahove 
EL. 701.5 is 12,606.4 haem while 6,000 ha-m is the original volume assumed to be filled by 
sediment up to the new zero elevation of 701.5, The total sediment, thus works out to be 
18,6064 ha-m which is within 1% of the total sediment (18,650 ha-m) to be distributed, 
hence the new zero elevation of 701.5 m may be accepted 
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Table6.8 Arca-increment method 


46 haem. 


FRL=760m, 





H 



























































640m ‘Total sediment to be distributed in 25 years = 18650 ha-m 
T trial, = 697m 
Original Volume | Accumu- | Revised | Revised 
8No. | Elevation | Area thai | Capac | A, | (ham) | tated | area (ha) | capacity 
(m haem) sediment (hace 
volume 
haem) 

1 2 3 4 5 6 7 8 9 
760 930 39.130 | 220 | 2200 | 18,660 710 | 20.470 
730 78S 30730 | 220 | 2200 | 16,460 sos | 14,290 
3 740 67 23030 | 220 | 2200 | 14.260 430 8,770 
4 730 520 17,500 | 220 | 2,200 | 12,060 300 5.440 
5 720 425 12255 | 220 | 2,200 9,300 205 2308 
6 710 320 8500 | 220 | 2.200 7.660 100 840 
7. 700 285 sos | 220 | 2.200 5.460 25 14s 
8 697 220 4800 | 220 | 1,300 4,800 0 0 
9 690 170 3.500 | 170 | 1,515 3.500 0 0 
10. 680 12s toss | 125 985 1.985 0 0 
11 670 78 100 | 73 643 1,000 0 0 
12 660 4 a5 | a 155 355 0 0 
1B 650 15 200 | 15 200 200 0 0 
M4 640 0 0 0 0 0 0 0 

Table6.8  Moody'smethod 
Given; Total sediment to be distributed, S= 18650 ha-m, = 120 m 

SNo. | Elevation | P tous I Feo. |S 8am |Baqay | hey We 
(m) From | S-V(plt) 
HAgn 

1 2 3 4 3 6 7 8 9 

1 690 | oe | 170 20.400 | 0.60 0743 

2. 69s | oss | 203 | 4.300 24.600 | 0.50 0.575 

3 700 | 0300 | 243 | 5,605 29.400 | 0.46 0444 

4 70s | os | 280 | 7.100 33.000 | 041 0344 

8. rio} osx | 320 | 8,300 38.400 | 034 0.264 



































9, Enter the total calculated sediment volume of 18,606 4 ha-m in Col. 10 for elevation 760 m, 
and then for each lower elevation, work out the accumulated sediment volume by 
subtracting the incremental volume (Col.9), It may be noted that sometimes, the calculated 
accumulated sediment volume at the assumed new zero elevation does not exactly match 
the original capacity: At and below new zero elevation, the original capacity only may be 
entered under Col. 10. To exactly match the figure to be distributed another value of &, may 
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10 


1. 


be found ask, = 4,205 65 * 18,650/18,606,4=205.17 and Cols. 9 and 10 may be recomputed 
But this is not necessary 

Subtract the sediment area in Col. 8 from the original area in Col. 3 and enter in Col. 11 to get, 
the revised area 

Similarly, subtract the sediment volume obtained in Col.10 from the original eapacity in 
Col. 4 to get the revised capacity and enter in Col. 12. 





Area-increment method (Table 6.8) 


1 


4 


In the first trial, assume a new zero elevation of 700, for which 1, = 245, f= (700 ~ 640). 
V,,=5605 and H = 760 -640= 120. Theretore, I”,=245 (120-60) + 5605 =20305 ha-m. ‘This 
is more than 1% of the sediment (18650 Ha-m) to be distributed 

AS a second trial, assume another new zero elevation of 697 m, for which A,, = 220, 
V.,= 4800, H= 120, h, = 7. therefore 1’,= 18660 ha-m. This is very near the sediment to be 
distributed. 
Enter the value of area correction factor A, in Col. 5 of Table 6 8 and calculate the ineremental 
volume by average end area formula (4 44,)4/2 ~ Subtract this volume from the total 
accumulated volume in Col. 7 to get the volume for next lower elevation. 

Rest of the steps are self explanatory 














Moody's method (Table 6.9) 























1. Itis expected that the new zero elevation will be between elevations 690 and 710, ‘Therefore, 
calculations for only these elevations are done. Write the relative depth (p) values in 
Col. 3 against each elevation and the original area and volume in Cols, 4 and 5, respectively 
2. Subtract the original volume at each elevation from the sediment to be distributed (= 
18,650 ha-m), Enter the resultant in Col. 6, 
3. Multiply the total depth (/7 = 120 m) with original area values and enter in Col. 7 
4. Read the values of h(p) from Fig. 6.22, for the value of p and enter in Col. 8. 
5. Calculate the values of #/(p) by dividing the values in Col. 6 by corresponding value in 
Col 7, and enter in Col. 9 
6. Plot the values of hip) and A(p) against relative depth (p) on a semi log paper. The point 
of cross-section of the two curves gives P, = 0.48 and Pf = 0.48 * 120 = 576. 
7. ‘The new zero elevation Y,, is therefore, 640 + 57.6 =697 6. 
Example 6.9 
Elevation, storage and spillway discharge relationship of a reservoir is given in the following 
table 6.10: 
Table 6.10 
Elevation(m) Storage (8) Meum Spillway outflow 
discharge (Q) (ms) 
600.0 35 0 
600.5 3.65 20 
010 3.87 42 
cols 41s 02 
602.0 443 84 
602.5 4.80 4 
603.0 5.20 48 
603.5 5.70 192 
604.0 6.25 240 
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When the reservoir level was at 600.5 m, a flood given in the following table 6.11 entered the 
















reservoir, 
Tablee.11 
Food h 
as ah td Time (h)_| Discharge (m's) 
Lag tests 
0 20 
-| 4 is 
8 °0 
Hak eterumton = 24 sume bs Se 
a 16 190 
20 240 
24 196 
28 160 


10 


Discharge (cumec) 














04 B 1216 20 24 28 92 36 40 44 48 52 58.60 
Time (hours) —» 


Fig. 6.30 


‘method the peak of the routed flood and corresponding maximum 





(Calculate by modified Pul’ 
waler level 
(i) Draw the outflow hydrograph. 
Solution: 
A time interval Af = 4 hours is chosen. Therefore, AY = 4 « 60 « 60 = 0.0144 x 10° s. From the 
available data, an elevation-lischarge(S+Q, 1/2) table (Table 612) is prepared as follows 











Table 6.12 

Elevation (m) Discharge Q (nts) S+O. Av? (Mf cu md 
600 0 3.50 
600.5 20 3.88 
601 42 417 
6015 62 459 
602 84 5.05 
602.5 14 5.62 
603 148 6.265 
603.5 192 7.082 
604 240 7978 














A graph showing @ v/s elevation and (S+Q. Ad2) v/s elevation is prepared as in Fig. 6.31 
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Storage (M cum) —> 
30 35 40 45 50 55 60 65 70 75 80 








ama ELVsa 
603.0 
602.0 


601.0 


Elevation (metres) 


600.0 








599.0 
° 100 200 300 400 


Discharge (cumec), —= 
Fig.6.31 
Ab the start of routing 
Elevation =600.5 m 
Outilow discharge Q = 20 cumee 
(8 ~ Qail2) = 3.65 20 « 0.0144/2= 
Starting from this value of (S ~Q, A1!2), the following equation is used to get (8+ QAN2) 





506 M cu. m. 


At the end of the first time step of 4 hours 


(s R ou) (hy tt)At ( 
2 2 





= (20448) x 0.0144 


=0.4896+3.506 
= 3.9956 Meu. m. 


+3,506 





From Fig. 6.31, iL is seen that the water surface elevation corresponding to (S+Q. 1/2) value of 
3.9956 M cu. m is 600.70 m and the corresponding outflow discharge Q is 26 cumee. For the next 


step 





a -(2 Som 





9956-26 » 0.0144 


6212 Meum. 








‘The process is repeated for the entire duration of the inflow hydrograph, ‘The result 3s listed in 
tabular form in Table 6 13. 
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Table6.13 Flood routng though a reservoirby modified Pur'smethod 
Time | Inflow | Average Tat Water Outflow 
w | oa | tntow | stonm | (s~ sauface | discharge 
cumec fF Meum Meum elevation Q 
o | 20 600.5 20 
4 | 48 34 | 0.4806 3.506 3.9986 | 6007 26 
x | 9% 69 | 0.9936 3o22 | dois | 601s 62 
2 | uo | us 1.656 anim | 372 | 6023 105 
16 | 190 | 16s | 2376 3a612 | 63272 | 6029s 146 
20 | 240 | 21s | 3096 auss | 72308 | 6036 202 
24 | 195 | 218 | 3.139 4322 7461 603.75 216 
28 | 160 | ie | 2503 43506 | 69136 | 603.4 182 
32 | io | ass 194s 4.293 6237 602.95 146 
x | 9 | 100 vad 41346 S746 | 602.6 M10 
ao | 7 82 Lis 3990s | 31706 | 6021 90 
44 | 60 67 | 0.9648 3.874 ass | 6017 0 
as | as si | 07776 sxs0s | 4oo7s | 601s 62 
a | 3s 41s | 05976 amas | 43121 | 6oL.s 46 
560 | 2s 30 | 0432 3617 | 4osi7 | 6008 30 
oo | 22 235 | 03388 aeio7 | 398i | 6007 26 
64 | 20 21 0.3024 30136 | 3.916 600.6 2 
os | 20 20 | 0288 3002 | 3.887 600.5 20 
Questions 





1. What are the different methods of classifying hydro-electric power plants? 

What do you understand by run-of-river plants? What are the parts and arrangements of such 

plants? Draw a neat sketeh of such a plant 

3. What is meant by low-duration curve and power-duration curve? How do you differentiate these? 
How would you construct such curves? 

4, Annual flows observed in a river from 1977 to 2013 are tabulated below. Caleulate 90% dependable 
flow year and 50% dependable flow year if a project is contemplated on this river 








Year Armmal flow MCM Year Anal flow MCM 
1977 1987 959 
1978 1988 $02 
1979 1989 1488 
1980 1989 Lass 
1981 1990 Is71 
1982 1991 473 
1983 1992 1702 
1984 1993 1647 
1985 1994 1706 
1986 1995 1330 























(Contd...) 
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Tear Arnal flow MCM Tear Anmual flow MCM 
1996 1622 2005 1599 
1997 1573 2006 1176 
1998 1511 2007 1792 
1999 1343 2008 1616 
2000 1344 2009 1760 
2001 1418 2010 1813 
2002 1562 2011 1481 
2003 1296 2012 1061 
2004 4043 2013, 477 








(Hint: Arrange the 37 annual flow values in descending order starting from the maximum of 
4043 M cu, m in 2004 at the top to 892 M cu m in 1988 at the hottom. Work out the probability of 
exceedence for each flow (from 0.03 for maximum flow to 0.97 for the minimum flow), The 50% 
dependable flow year is 2011 (1481 M cu, m) and 90% dependable flow year is 2012 (1061 M cu, m).) 


Why do fluctuations occur from day-to-day or hour-to-hour in supply and demand of turbines? How 
do you eater for the same? 

Define valley dam plants and trans-basin diversion power plants. Give examples of both the types 
\with brief description and neat sketches. 

What are the methods available for estimating sediment distribution in a reservoir and for finding 
revised capacity of a reservoir after the lapse of a certain period? 

How do sediments affect the life of a reservoir? What are the commonly available tools for predicting 
the deposition pattem in a reservoir? 


Pumped Storage 
Power Plants 





BASIC FEATURES 


Pumped storage (PS) power plants are a special type of power plants that work as conventional 
stations for a part of the time, Their specialty lies in the fact that when they are not producing 
power, they can be used as pumping stations to pump water from the tailrace side (o the high level 
reservoir, At such times they utilize power from elsewhere to run their pumping units. Thus, their 
working can be distinguished as “generating phase” when the turbines and generators are producing, 
electrical power, and as ‘pumping phase” when only the pumps and motors are in operation. During, 
the generating phase, therefore, water flows from the higher level into the powerhouse and thence 
to the tailrace side. In the pumping phasc it is vice versa, This basic arrangement is schematically 
shown in Fig, 7.1 





=< Higher level poo! 








General arrangement of a pumped storage power plant, 


‘The fundamental arrangement consists in having two pools, one at higher level and the other 
at a lower level with the powerhouse occupying an intermediate position. The water passages are 
from the higher level pool to the powethouse and from the powerhouse to the lower pool, which 
carry water in either direction depending upon generating or pumping phase. As described later, 
Variations in this basic arrangement are possible depending upon local conditions. 

On the face of it, it may appear to be an altogether expensive and wasteful arrangement with a 
ow efficiency (see “Efficiency of PS Plants’). A little consideration however. will make it clear that 
itisa very ingenious method of conserving the limited water resource on one hand, and of balancing, 
the variation of load on the distribution sy stem, on the other hand. Figure 7,2 shows a hypothetical 
load curve. At A, the demand is the slackest, while at B it is at the peak value, the average demand 
is shown by the dotted line, Around the time at point A, power is available in excess, while around 
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the time at point B, extra power is required. Now, if 
during the period 1-2, the surplus power is utilized 
to pump the water back to the head, and if during 
the period 3-4 that wateris used for more generation 
then amore favourable load balance can be achieved. 
In this example, itis possible to completely average 
out the demand curve to the dotted line pattern by 
resorting to pumping when the load is less than that Time —= 
shown by the dotted line and generating when the 
load is above the mean value 

The water pumped up the conveyance system during the pumping mode is utilized during the 
generating mode, Further, since this power station takes care ofthe load peaks, any other arrangement 
for peak load times is not necessary. At least theoretically, the same water is recycled again and 
again, Hence, such an arrangement can be conceived with even a limited amount of water. 
‘A pumped storage plant, thus. serves much the same function as accumulators in mechanical 
systems, It may also be called a peaking station. Its operation is necessarily intermittent with 
generation during peak hours and pumping during off-peak hours. Figure 7.3 shows an actual load 
curve for Vianden plant in Luxembourg, showing generating and pumping phases. As shall be seen 
from this figure, the actual load curve is markedly different from the hypothetical curve shown in 
Fig. 7.2, and in a day, there may be many alimate modes of pumping and generating depending 
upon the actual pattern of demand. This, however, is possible because of the ease with which the 
plant can switch from one mode to the other. 


Load — 





Fig. 7.2. Ahypothoticalload curve, 
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Fig.7.3 Load curves or Vianden plant 
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HISTORICAL DEVELOPMENT 


‘The history of pumped storage plants (PSP) can be traced as far back as 1882, when the first such 
plant staried functioning at Zurich in Switzerland, Till 1925 (according to Freeman), about 30 
pumped storage plants were functioning in various countries of Europe. However, all these were 
small and the idea had not met with a large scale acceptance. In the meanwhile, the concept of 
reversible pump-turbines was also developed and in 1931 the first reversible pump-turbine 
(1.1 MW, 10 m) was installed at Baldeneyesee in Germany. The end of WW-II brought about a 
large scale industrial expansion all over the world which in tum pushed up the demand for, as also 
the variation of, power steeply. Along with these, large scale power grids also became possible duc 
to higher transmission voltages, So the nced for only peaking stations became more acute. All these 
circumstances favoured a general acceptance of pumped storage plants as a part of the system 
‘Tennessee Valley Authority took lead in USA in 1955 by installing at Hiwassee Dam a big reversible 
pump-turbine unit of Francis type. The first major reversible diagonal turbine (Deriaz) was installed 
at Niagara Falls (Canada) around the same time. In India, the only installation ofa reversible Deriaz 
runner is at Kadana (Gujarat) where 4 units of 60 MW each are installed (1990-98). In Europe, in 
1962, Ffestiniog (Great Britain) with a total capacity of 360 MW and Provindenza (Italy) with a 
head of 284 m, were two initial major landmarks in the progress of pumped storage plants. 





PSP Status Today 


Today, there is hardly any country in the world that does not have pumped storage plant 
commissioned and operating in the total power system, At a global level, about 300 PS plants are 
functioning, with a total installed capacity of over 127 GW (2012) and many more are under 
construction. And yet, a potential of another 1,000 GW capacity is said to exist for pumped storage. 
‘The USA has about 40 such plants with a capacity of 21.5 GW (as of 2010). Japan, the industrially 
leading nation from Asia, has over 25 GW of PS capacity in operation (2007 figures), and many 
plants like Kazunogawa (1,600 MW), Kannagawa (2.820 MW) ete. are under construction. As of 
2011, EU had installed capacity of 45 GW from these plants. The worldwide installed capacity of 
PS plants may well be close to 203 GW by 2014. 

Examples of some big stations in the world include 

© Coo (1,100 MW) in Belgium; 

‘© Huizhou (2.400 MW), Tienhuangping (1,800 MW), Guangzhou I and II (1,200 MW each), 

Xilongehi (1,200 MW), Baoquan (1,200 MW), Heimifong (1,200 MW) in China: 

‘© Goldisthal (1,060 MW) and Markersbach (1,050 MW) in Germany 

‘+ Dneister (2,268 MW) and Tashlyk (1.494 MW) in Ukraine: 

‘© Kaishador (1600 MW), Zagorsk (1,200/1,320 MW) in Russia 














Loading 
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© Grand Maison (1,070 MW), Montezic (920 MW) France: 

© Chiotas (1.184 MW), Lago Delio (1,040 MW), Piastra Edolo 1,020 MW) in Italy; 
* Drakensberg (1,000 MW) in South Africa; 

*Yangyang (1,000 MW) in South Korea; and 

© Tumut Three (1,500 MW), Australia, 


PS Plants in India 


As per CEA assessment, there are 56 potential sites for pumped storage schemes with total region- 
wise installation of about 94,000 MW as follows 











Region No. of schemes Prospective installed capacity (MW) 
Northern a 13,100 
Western 25 38,250 
Southern 8 16,650 
Eastern 6 9,100 
North-eastern 10 16,900 
Total 56 94,000 











India’s record in the pumped storage projects is not very bright. One reason for this lackadaisical 
performance is that India does not have any reserve power even during the slack periods. If, 
however, things go as per plan, it may be possible to have by 2020 a hydro capacity of about 250 
GW and even by modest forecast at least 8 GW of pumped storage projects may be needed. The 
total peak demand of the national grid could be between 480 to 540 GW, The seasonal, weekly and 
daily peaks would be further accentuated by that time. With privatization of power industry, this 
‘may not be an insurmountable task! 
The PS plants presently functioning in India are: 


© Kadamparai (400 MW) in Tamil Nadu: Bhira (150 MW), Paithan (12 MW) and Ghatghar 
(2 » 125 MW = 250 MW) in Maharashtra; 

© Kadana (240 MW) and a recently commissioned 6 * 200 MW = 1200 MW plant at Sardar 
Sarovar on Narmada in Gujarat; 

© Srisailam Left Bank PH (6 » 150 MW = 900 MW) and Nagarjunasagar (810 MW) in 
Andhra Pradesh, 


‘The under-construction plants are: 


«Tehri hydro-power project stage-2, in Uttarakhand, a 1,000 MW project (see Fig, 7.4). 

* Purulia project (4 « 225 MW = 900 MW in Ayodhya hills) in West Bengal, out of the four 
contemplated in the state. The upper reservoir of the Purulia project is being created by 
utilizing the waters of a hilly stream with the help of a 71 m high, 1.5 km long central core 
rockfill dam, The lower reservoir will have a 95 m high, 310 m long rockfill with four 225 
MW Francis turbines. 
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Fig.7.4 Schematic diagram of Tehri PS project, Uttarakhand. 


ADVANTAGES OF PUMPED STORAGE PLANTS 
Pumped storage plants have the following advantages: 


() Ascompared to other peaking units, pumped storage plants require relatively low capital 
cost and are thus an economical source of peaking capacity. 

(i#) Pumped storage plants are as rugged and dependable as conventional hydel power stations 
and can pick up load rapidly within a few minutes. 

(iti) Such power stations are readily adaptable to automation as well as remote control. 

(iv) Production and operation of hydel power is entirely environment friendly, ic., it does not 
cause any kind of environmental pollution. PS plants are thus a valuable part of the power 
system as they do not contribute to air and water pollution. 

(v) These plants allow a great deal of flexibility in operational schedules of the system. 

(vi) The power required for pumping is available at a cheaper rate (stack hours rate), while 
the power produced by the plant can be sold at a prime rate (peak hour rate). The 
relatively low hydraulic efficiency is partly compensated due to this fact, 

(vt) Pumped storage plants allow the entire thermal or nuclear generation to take up the base 
load. Thus, the load factor of these units improves, improving in turn the overall system 
efficiency. 

(viii) Flood waters are stored to be utilized during slack monsoon years, 

(ix) Stored water can be used for creating irrigation facilities and/or meeting drinking water 
requirements, 

(x) ‘The seasonal pumped storage plants consume surplus power during monsoon preventing 
thermal power stations from providing backing because of secondary power availability 
from hydel peak power stations, 
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TYPES OF PUMPED STORAGE PLANTS 


Various arrangements are possible for the higher and lower reservoirs. These have been discussed 
below: 


(Both the reservoirs on a single river, in tandem chain manner. 
In this system the lower reservoir is situated a few kilometres downstream from the 
‘upper reservoir. This arrangement is planned, for instance, on Takase river in Japan for 
a plant which is to take care of the peak loads of Tokyo city. At Paithan hydro-electric 
project in Maharashtra (India), similar arrangement is provided for one of the many 
units, The main multipurpose dam provides the upper pool. The powerhouse is situated 
at the foot of the dam, the lower pool is formed by a weir on the main river at a short 
distance downstream. The operation of Tehri PS Project (1,000 MW) is also based on 
recycling of water discharged between the upper and lower reservoirs on the same river 
Bhagirathi, The Tehri Dam reservoir will function as the upper reservoir and Koteshwar 
reservoir as the lower balancing reservoir, as scen in Fig. 7.4 





(ii) Two reservoirs on two separate rivers close to each other and flowing at different 
elevations 
Shimtoyone plant in Japan is an example of this type. Here, the lower reservoir is on 
Tenryu river, while the higher reservoir is on Ohnyu river which is a tributary of Tenryu 
river, In the Ghatghar project (250 MW) in Maharashtra, India, the upper reservoir is on. 
river Pravara, while the lower dam that creates lower reservoir is located on Shai Nalla, 
Both the upper and the lower dams are roller compacted concrete (RCC) dams. 

(it) Higher reservoir is artificially constructed with the help of dykes all around on a high 
level plateau or on a levelled hill-top and the lower reservoir on a natural river. 
This is the most common type of plant. an instance of which is Revin (France), Vianden 
etc. In many cases, the lower reservoir caters to conventional hydro-development as a 
valley dam plant. Sometimes, the lower pool is a natural depression converted into a pool. 

(iv) The lower reservoir is a natural lake while the higher reservoir is artificial. 
‘The example of this kind is Ludington plant on Lake Michigan, USA. Use of the sea as a 
natural lower reservoir is being visualized now and some schemes such as Atashika in 
Japan are under preparation. 


The arrangement where the river pool serves as the upper pool and the lower pool is in an 
artificial depression or in an underground cavern is uncommon. 

Another way of describing PS plants is to classify them as pure or mixed operation. A pure 
pumped storage plant is a closed cycle plant with the volume of water flowing to the lower reservoir 
being equal to the volume pumped to the higher reservoir in one cycle of operations. In such a 
system, the same water is circulated again and again and, thus, except for make-up quantity of 
water for seepage and evaporation losses, the plant does not need any fresh water flow. Ffestiniog, 
Vianden, etc., are examples of this type. 

In mixed plants, the pumped storage feature is incorporated in a normal hydel scheme. In such 
plants, the total generation in one cycle is greater than the total pumping during that period, At 
Oroville dam (USA), for instance, three pump turbines provide the pumped storage feature, while 
the rest of the turbines are conventional Francis turbines. 
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In such plants, the higher reservoir has to be necessarily on a natural stream so as to provide 
greater flow during generation. 

Yet another classification of the PS plants is on the basis of cycle of operations. Some plants 
are operated on a daily cycle of pumping and generation, Some are planned for a weekly cycle 
here the pumping is confined to slack weekend periods only, A few pumped storage plants have 
been built even on a seasonal cycle where pumping is done during seasons of lean demand and 
generation demand. Some first plants built in Europe (like Germany) were for higher seasonal 
operations, Examples of Lunersee (Austria) or Hewfurt Il (Germany) belong to this type. In recent 
years, however, the daily cycle plants are pre-dominant. The upper reservoir capacity depends 
naturally on these characteristics, For instance in Germany, Hausem plant and Herdecke plant have 
approximately equal capacities. But Hausem, working on a season cycle, has a storage capacity of 
108.0 M cu, m whereas for Herdecke, working on a daily cycle, the corresponding figure is only 
1.5 Meu. m 

A new concept for planning, a pumped storage scheme has been of interest to the researchers 
over the past decade or so. This is called “Underground pumped hydro-clectric energy storage 
(UPHS)' system which is an adaptation of conventional surface pumped storage hydro-clectric 
plant and uses an underground cavern as the lower reservoir. This would alleviate many of the 
problems associated with surface PS installations, dependence on surface topography will be 
eliminated, although suitable underground geology and structures will be required for the new type 
of installation, An underground system will have a vertical water flow path, which would eliminate 
losses associated with transverse water flow. The environmental impacts of an underground 
installation will also be lesser than those of conventional pumped hydro systems because only one 
surface reservoir will be required. [twill also eliminate the need for river dams and large powerhouses 
on the surface, and thus preserve wildlife habitat, and avoid noise pollution, Such a scheme is 
presently under theoretical studies only. A conceptual sketch of it is shown in Fig, 7.5. 
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Fig.7.5 Conosptof UPHS*. 


* (Source: “UPHS and eivil engineering technology: Current status and technical challenges” by the Japan 
Society of Civil Engineers) 
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‘The most important basis of the pumped storage plants is. however. the relative arrangement 
of the turbines and pumps. In the initial years, there were four different units, namely, the pump. 
motor, generator and turbine. Pump and the motor coupled together were completely independent 
of the turbine and generator coupled together. This gave a complete independence of operation. But 
the space needed was substantial and the arrangement involved high costs. This may be termed as 
a ‘four-unit installation’. The terms two-unit, three-unit or four-unit are not standard but are used 
by the authors since they are self-explanatory! 

‘This arrangement was quickly replaced by a three-unit system, namely, a pump, a turbine and 
a generator that could also function as a motor. Both the pump, called storage pump. and the 
turbine, were directly coupled to the generator/ motor unit. When the turbine runs, the unit operates 
as a generator and when the pump is operated the same unit operates as a motor. We might refer 
this as a ‘three-unit installation’, [tis possible to have either a horizontal setting or a vertical setting 
under this arrangement. Figure 7.6 shows a typical horizontal setting. In vertical settings, the pump 
is situated at the bottom, the generator/motor unit is at the top with the turbine occupying the 
intermediate position. Figure 7.7 shows a vertical setting, It is obvious that the vertical setting is 
more compact but needs greater height for the powerhouse structure. Figure 7.8 shows a picture 
of single stage reversible Francis turbine runner (200 MW) of Palmict pumped storage project in 
South Africa 


Shatt 
‘coupling 

















Fig.7.6 Horizontal sotting of machines. 


‘The modem trend is to use only a “two-unit installation’, namely, a generator which can 
operate as a motor coupled to a turbine which in turn also operates as a pump when rotating in 
reverse direction. This arrangement is popularly called reversible pump-turbine installation. New 
plants invariably use reversible pump-turbines, This arrangement is preferred over the three-unit, 
arrangement, For instance, at Vianden pumped storage plant (Luxembourg) in the first stage, nine 
generators of three-unit type were installed. But in the second stage, the single tenth unit installed 
was a reversible pump-turbine or a two-umnit system. 





"The words ‘tandem’ or ‘binary’, and ‘ternery’ are also used in place of two-unit and three-unit 
arrangements, respectively 
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Vertical cross-section 


Fig. 7.7 Vertical setting of machines at Lago Delio pumped storage power station, Italy 
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Fig. 7.8 Palmiet PS project (South Attica) Francis runner 
(Courtesy: Volth Hydro Holding GmbH & Co. KG) 


REVERSIBLE PUMP-TURBINES 


Due to similarities in the design, the runner of any reaction turbine can be used as an impeller of a 
pump. Thus, any machine installed as a turbine can be operated as a pump if. 
(i) the direction of rotation is reversed, and 
(ii) the directly coupled generator is used as a motor to provide the mechanical energy for 
rotation. 

The direction of flow in such a case is from tail water to head water and the machine operates 
as a pump. The reversal of rotation is duc to the reversal of the direction of rotation of the generator 
shaft 

Such an arrangement is possible only for pressure/reaction turbines, and is obviously particularly 
matching with the requirements of pumped storage plants. The function of the various components 
in the two modes is as follows: 

















Generating mode Pumping mode 
() Generator as motor 
Gi) Runner as impeller 
(ai) Distributor/Guide vanes as diffuser vanes 
(iv) Seroll easing as vortex chamber 
(v) Draft tube as suction pipe 





‘The Francis turbine with this arrangement would correspond to a radial flow centrifugal pump 
and the propeller/Kaplan turbine would correspond to a propeller pump (both rotodynamic pumps). 
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Naturally. if the machine is only designed as a turbine, it does not act as efficiently when it is 
run as a pump due to the difference in the design requirements both for inlet-outlet conditions as 
well as for the runner. The efficiency in one mode, therefore, isa litle higher when run at the same 
speed. The speed is required to be kept constant in both the modes because of the constant 
frequency requirement of the grid, to which the plant is connected 

‘The water level difference in the two pools gives the gross static head, This head varies as the 
upper poo! fills during the pumping or empties during the power generation, Further, the net head 
on the runner during the gonerating mode is less than the static head due to conveyance system 
losses, On the other hand, during the pumping mode, the manometric head is given by the static 
head plus the conveyance system head loss. Due to these factors, the head in each mode is different. 

The range of head for which a particular type of runner is suitable is given below 





Propeller/Kaplan 20m 
Deriaz (Diagonal) 50-1501m 
Single-stage Francis Runmer 20-6501m 
Multi-stage Reversible Francis Runners 600-1300™m 








(Note: The maximum head of a Francis runner can be as high as over 700 m in exceptional cases, such as 
in Chaira, Bulgaria and Kannagawa, Japan) 


It is possible that in a few years’ time, the multi-stage reversible runners in turbine operation 
could be designed for heads up to 1500 m, while in pumping mode the same would act as multi- 
stage pumps 

‘Though, technically itis possible to use the propeller/Kaplan turbine as a propeller pump, such 
instances are fewer because of the economic viability. The reversible propeller machines have, 
however, a great relevance in tidal power plants 

‘The use of Deriaz runner was particularly introduced for the diagonal symmetry of its flow in 
both the modes. The Niagara pump-turbine powerhouse is a typical carly example of the use of 
Deriaz runners, However, the diagonal turbines have not become very common as Francis runners 
can alternatively be employed in the same head range 

The single-stage Francis runner, due to its wide range both in the head and in the discharge, is 
the most widely used runner in pumped storage plants. Bajina Basta (Serbia, H = 621 m) plant, 
using one of the highest head Francis runner is already functioning since 1983. A single-stage 
Francis runner designed fora head of 678 m is to be installed at Chaira (Bulgaria) There are at least, 
a dozen plants using single stage reversible runner for heads over 500 m. Unit capacities as much as 
500 MW (Bath county, USA) and runner diameter as much as 8 m (Ludington, USA) are already 
functioning since last few years 

Kannagawa power station (2,820 MW) in Japan (see Fig. 7.9) has among world’s highest 
capacity reversible high head pump-turbines of 482 MW operating at a pumping head of 728 m 
A splitter runner with five long blades and five short blades placed in circumferentially alternate 
positions was designed as an advanced technology for the turbine to facilitate a wider operating 
range and higher reliability of the pump-turbine through its more efficient hydraulic performance, 
improved cavitation characteristics, and smaller pressure fluctuations than in conventional runners. 
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Fig.7.8 Schematic diagram of Kannagawa P-S plant 


In 1977, the plant at La Coche (France) commissioned a five-stage Francis runner reversible 
pump-turbine (see Fig. 7.10). This was a significant 
advancement, as the range of heads between 700 











to 1400 m can now be exploited using such pump- Ginector 
turbines. Conventionally, the multi-stage pump- 

turbines have fixed distributor vanes, hence no guide 

vane regulation is possible. Thus, the curve of their se ie 
head-efficiency characteristics is not as good as ee 

that of single-stage pump-turbines. Recently, a SS) te) “Turbine runners 






proposal for employing a two-stage pump-turbine 
Francis runner using an adjustable distributor has 
been developed. A pilot unit at Le Truel (France) is 
already commissioned, Notable multi-stage pump- 
turbines already functioning are Super Bissorte 
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(France, 5-stage, 153 MW * 4, 1200 m) and Fam 
Chiotas (Italy, 4-stage, 152 MW ~ 2, 1047 m), Fig.7.10 Multi-stage reversible pump- 
The multi-stage reversible units are with fixed turbine at La-Coche, 


distributions, 

The two-stage adjustable distributor is expected to give a better efficiency rating as compared 
to the multi-stage fixed distributor machines, Such machines were planned at Le Clow 
(1 © 286 MW, 1037 m), Haute Romanche, Orlu and Barlein, all in France. 

One of the main reasons for the development of high-head pump-turbines is that the higher 
heads make the pumped storage plants more viable. For the same energy capacity, the higher the 
head, the smaller is the volume of water that needs to be stored. Thus, the upper pool size is 
minimized, On the other hand, higher heads imply greater stresses, more vibrations and pulsating 
forces, and greater tendency towards cavitation damage of the machine parts, Similarly, the higher 
heads are associated with lower specific speeds and the geometry of the runner may have long 
narrow passages which make machining difficult. Further, the process of starting the pumping 
mode is more difficult. 

All these factors need careful analysis before the type of the reversible runner is selected. 
Table 7.1 gives some typical reversible pump-turbine runners in the world, 
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Table7.1 Typical reversible pump-turbine runners 












































Plant Type of | Stage | Totat | Power | Head |Discharge| Remarks 
No. | (Couniry) | reversible units |per unit] m mis 
machine MiP 

1 | Chaira Rev. Francis | 1 4 | 264 | 677 | 1570. | Max. single 
(Bulgaria) stage head 

2. | LaCoche | Rev. Francis | 5 4 | sss | 930 380 | Multistage 
(France) | (multi-stage) ‘unit of PT. 

3. | Niagara Rev Dériaz | 1 6 | 25 | 214 | 1480 _ | First Deriaz 
(Canada) unit 

4. | Slatina Rev. Kaplan | 1 1 | a7 | 95 165 | Reversible 
(Romania) | bulb turbine bulb unit 

5 | Kannagawa | Rev. Francis | 1 6 | 42 | 728 510 | With splitter 
Gapan) type runner 
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Fig.7.11 _Isogyre pump-turbine at Malta-Oberstufe, Austra, 
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One typical unit that needs to be specially mentioned is called isogyre pump-turbine, Figure 7.11 
shows the figure for such a unit. This is, strictly speaking, not a (direction) reversible unit. 
The impeller and runner are mounted on the same shafi, back to back and are served by a single 
spiral casing. The main advantage of this arrangement is that the direction of rotation in both the 
pumping and generating modes remains unchanged. From the functional point of view, this is a 
definite advantage, Malta-Oberstufe (Austria) (shown in Fig. 7.11) and Handecke Il! (Switzerland, 
2 MW, f= 460 m, N= 1000 rpm) are typical examples of such units, 

‘Table 7.2 gives the data about some reversible units in India, 





ADVANTAGES/DISADVANTAGES OF REVERSIBLE PUMP-TURBINES 


(i) Reversible pump-turbines (ic. two-unit arrangements) are compact and need much less 
space as compared (o the three-unit installations. Further, the cost of one additional 
‘machine is saved, Thus, the initial costs are considerably less in reversible unit installations, 

(i) Incase of three-unit installations, multi-stage centrifugal pumps can be used, ifnecessary 
‘Thus, for a very high head plant where reversible pump—turbines cannot be used, three~ 
unit arrangement is possible. For example, at Reisscek-Kreuseck (Austria) the pumping 
head is more than 1000 m, Here, separate 8-stage storage pumps are used, each with 56 
MW capacity, The turbines are Pelton (suitable for high head), 

Latestre-search since 2000 has made it possible to use single-stage Francis reversible 
machines for heads up to as much as 600 m, Ohira and Numappara plants in Japan use 
such high heads with reversible machines, 

Itis also noteworthy that with the world’s first multi-stage reversible pump-turbine 
project at La-Coche (France), the monopoly of three-unit installations for heads over 700 
1m is nearly over. The La-Coche units are 85 MW, 5-stage pump-turbines operating at a 
head of 930 m, 

(iti) In case of three-unit installations, the pump and the turbine, being separate units, can be 
designed optimally so as to operate at their maximum efficiency 

In case of reversible machines, if the machine is designed as a turbine, its efficieney 
as a pump suffers to some extent 

(iv) From the operation point of view, the three-unit system is simpler. In generating and 
pumping modes, the direction of rotation is generally kept identical; so switching from 
pumping mode to generating mode or vice versa consists in coupling or decoupling the 
pump with the generator, which takes a much shorter time. The generator/motor is not 
required to be brought to a standstill or to change its direction of rotation. This operation 
can be completed within two to three minutes, In reversible machines, as the operating 
‘mode changes, the direction of rotation also changes and, consequently, the changeover 
from one mode to the other involves a longer time, 

A recent development to overcome this shortcoming is isogyre pump-turbine which 
is a reversible machine with the same direction of rotation in both the pumping and 
generating modes, A typical figure of Malta Obserstufe (Austria) of an isogyre pump- 
turbine is shown in Fig, 7.11, Another typical example of isogyre pump-turbine installation 
is at Handeck III Plant (Switzerland) where one high head isogyre unit of 42 MW 
capacity operates against a head of 460 m at 1000 rpm, Figures 7.10 and 7,11 show the 
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general set-up of the multi-stage reversible Francis pump-turbine and the isogyre pump- 
turbine, respectively 

(v) As higher and higher heads are utilized, the cavitation becomes a major problem. As 
explained subsequently. i becomes necessary to keep the pump below the tail water level 
in order to avoid cavitation. In three-unit arrangement, since multi-stage pumps are used, 
the head per stage is not very high, hence the cavitation problem is not as severe as in 
reversible high head pump-turbines, However, the powerhouse size becomes larger. In 
case of two-unit installations, thus, there is a further constraint in design 


All such disadvantages are more than offset by the material savings in two-unit arrangements 
which, therefore, are becoming more popular. 


Three-unit Arrangement: Storage Pumps 


In this type of arrangement, the turbine and the pump are two separate machines, while the generator 
acts as a motor during the pumping mode. The pump is commonly referred to as a storage pump. 
in order to signify the fact that itis used to store water in the upper pool. As shown in Fig, 7.11, the 
storage pump, the turbine and the generator-motor system are arranged in tandem. The three-unit 
arrangement becomes obligatory when the available head is so high that only Pelton turbines can be 
used, For obvious reasons, the impulse turbines cannot be reversible machines, Since the reversible 
multi-stage Francis pump-turbines can be used up to a head of 1300 m or so, the use of separate 
storage pumps is now restricted to extremely high heads of over 1300 metres, 

Ina three-unit arrangement. the turbine and the generator are permanently locked together and 
the pump can be coupled during the pumping phase. Asa matter of fact, in certain plants the pump 
is also never decoupled and keeps rotating empty during the generating mode. Occasionally. a single 
shaft arrangement as in Waldeck-II is also used. 


Upstream or Downstream 











Spherical valve 


Turbine 


Spherical valve. 
Generator motar 


Pump 








‘Spherical valve 


Fig.7.12 Powerhouse of Waldeck Il plant 
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Where a pump needs decoupling, power-operatcd mechanical gear coupling or friction clutch 
coupling or combined torque converter and mechanical gear coupling are used. 

For vertical setting, generally, the generator is at the top and pump is at the bottom. Such an 
arrangement provides more favourable working condition for the pump against cavitation damage. 
Waldeck II in Germany, however, uses an arrangement as shown in Fig, 7.12 where the generator 
is below the turbine, but above the pump, 

Figure 7.13 shows a typical multi-stage storage pump. A high head pumped storage scheme 
necessarily has to use low-specific speed pumps with high head and low discharge characteristics. 
In order to increase the discharge capacity, the pump impeller may have double-suction inlets, The 
normal value of specific speed”, N,, per stage is N /Q/H®'*, where Nis in rpm, Q is in m*/s, and 
His in m. The value of N, WH is between 400 and 650. 

A typical instance of high head unit is San Fiorano PS Plant (Italy) where two six-stage storage 
pumps are installed against a total head of 1439 m, one of the highest heads in such plants, These 
are 106 MW pumps, Waldeck-II plant has a single-stage two storage pumps for a head of 319 m 
with a power rating of 234 MW, running at 375 rpm. 

In a three-unit installation, a special arrangement has to be foreseen to start the pump. Such 
pumps are first run to synchronous speed and then coupled to the already rotating turbine-generator 
unit, In such cases, pumps are set in motion from the state of rest with the help of a small turbine 
mounted on the pump shaft which runs the empty pump (o synchronous speed before coupling. 
Alternatively, pony motor also can be used for the same, Where changeover time is not a critical 





Fig.7.13 Impellers of multi-stage storage pump. 
(Courtesy: Former Escher Wyss Ltd,, now Andritz Hydro GmbH), 





speed is calculated per stage 
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factor as in case of seasonal plants, the machine can be stopped, the pump coupled and the machine 
speeded up by the main turbine. The pump starts operating after the turbine is dewatered. The 
turbine, however, stays coupled during the pumping phase but runs empty 


Table7.3 Typical Storage Pump Installations 











S. Name of plant No.of | Discharge Head | Max. No. of 
No (Country) pumps ms m stages 

1 Tumutz (Australia) 3 207 165 1 

2 San Fiorano (lily) 1 4 M8 6 

3 


Malta Hauptstufe 
(annual eyele) Austria 





1106 NA 

















Here, a special mention of PS plants at Guangzhou, Huizhou and Guangdong in China is 
needed. Each of these large plants has an installed capacity of 2,400 MW with eight reversible 
Francis turbines of 300 MW capacity rotating at 500 rpm, The generators are designed for an 
output of 363 MVA with a specific power of 30 MVA per pole, These are the most efficient 
machines of this kind in the world. 


PROBLEMS OF OPERATION 


The main problem of a high head pump is one of cavitation, Cavitation is a phenomenon which 
‘manifests in the flow when the fluid pressures are nearing vapour pressure, In such a condition 
minute bubbles of vapour and gases are formed in the flow. When the bubbles are carried along 
with the flow in a high pressure zone, they collapse, giving rise to transient but momentary high 
pressures and vibrations and consequently damaging the internal surface of the flow boundary 
Dietrich Thoma has suggested a dimensionless cavitation parameter, 6, for turbines and pumps 
such that 


(7.1) 





where /,, h,,and h denote the barometric head, the suction head (or the height of the pump above 
tail water level) and the total effective head on the pump, respectively. According to Thoma, fora 
cavitation free running has to be greater than a critical value, 6... ic. 





or he S My — Guy ht 


6, i8 a function of the specitic speed of the pump (see Chapter 13) 

For high values of head A, h, may be negative and in such cases, it becomes necessary to provide 
the pump with negative suction head. In other wards, location of the powerhouse has to be so fixed 
that the pump operates under submerged conditions. The magnitude of this submergence depends 
upon the specific speed and the net head. Figure 7.14 can be used as a general guide in this respect. 
As shall be seen from the figure, sometimes the submergence is very high. For example, for Waldech- 
I, the submergence is $2.5 m, As a result, many of the pumped storage plants have underground 
powerhouses that need a good deal of tunnelling to provide for the conveyance of water. 
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Fig. 7.14 Depth of submergence. 


Other special problems of reversible machines arise due to reversing of rotation as well as the 
direction of the flow, frequent starts and stops and transient loading of the runner as a result of 
elaborate operational procedure. 

Reversing the direction of flow may fail the runner due to fatigue and may crack it. The 
trashracks, which are designed for turbine flow, vibrate violently during pumping unless special 
care is taken in their design, The flow during the pumping mode tends to lift the machine axially, 
causing tensile stresses in the bearings. The guide vanes are particularly susceptible to pump flow. 
Unless a special locking device is provided, they vibrate and get damaged during the pumping 
phase. Most of the pump-turbines have to make special provisions in order to avoid this kind of 
damage. As far as Francis runners are concemed, the present trend of choice of N, depends upon 
Has given in Fig. 7.14. The relation is given by the following empirical equation: 


N, = 575.8H 045 (7.3) 


Generally, specific speed N, of a pump is inversely proportional to the square root of the head. 

A notable development in the pumped storage plants is to have adjustable speed machines 
instead of constant speed machines. Many newly installed machines and those proposed to be 
installed have this facility. This facility regulates the grid frequency fluctuations. Once again, Japan 
is the leading country for this kind of development. A few of such units are listed in Table 7.4 




















Table7.4 
S. Plant Year of Power input Speed 
No. commissioning pumps range 
MW RPM. 
1 ‘Obkawachi No, 2 1993 331-392 330-390 
2 ‘Ohkawachi No. 4 1995 240-240 330-390 
3 Shiobara No. 3 1995 200-330 356-394 
4 Okukiyotsu 1996 230-340 400-450 
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Presently, about 80 reversible pump-turbine units of high head (exceeding 500 m) single stage 
are in operation throughout the world. The Kazunogawa plant in Japan (778 m head, 412 MW 
output) is amongst the highest head units in the world, together with the Summit or Mount Hope 
Stations (USA). 

Figure 7.14 shows the relationship between the pumping head and specific speed. The parameter 
‘eis an index to represent the severity of cavitation condition, The following empirical relation gives 
an estimate of submergence, based on {and maximum pumping head hi 


'y mas, 
W3/ 
14 Panes 
1000 1200 


where fh, is the suction head (negative for positive submergence) 





— 7 
and k= Nohy* = NO, 


or 





where _N, is the specific speed of pump (min™'. m’/s.m) 
and Q, is the discharge in the pump, m*/s 
From the above formula it can be seen that selection of higher specific speed will result into 


higher efficiency, smaller machine size (runner diameter) and larger unit capacity for a given rated 
speed. 


TOPOGRAPHY 


For an economic operation, an important criterion is the ratio of the length, L. between the two pools 
along the water passage to the head difference, f, between them, The lower the value of this ratio L 
+h, more economic is the prospect of the plant. Typical ratios for a few plants are given below. 

















Plant Lh 
Fiestiniog (UK) 46 
Vianden (Lusembourg) 29 
Ludington (USA) 40 
Shintoyone (Japan) 123 
Hornberg (Germany) 43 
Montzeie (France) 28 





Another important factor regarding the suitability of the topography is that the site must be 
suitable for an underground powerhouse and the extensive tunnelling work that is so often necessary 


RESERVOIRS AND WATER CONVEYANCE 


In mixed pumped storage plants, the reservoir capacity is determined by other considerations but in 
pure pumped storage plants, the reservoirs must have a capacity such that: 
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(0) the upper reservoir is capable of holding all the water pumped up during the pumping 
period in addition (o its dead storage 
(ii) the lower reservoir is capable of receiving and holding all the water that flows into it 
uring the turbine operation in addition to its dead storage. 

(itt) the lower reservoir also must have the capacity to store the water that is expected to be 

lost through seepage and evaporation. 

(iv) al the lowest level in each pool, the inlet has to be so submerged that air entrainment due 

10 vortex formation docs not take place. 

As mentioned earlier, the upper reservoir is many atime on ahill-top and, hence, as small in size 
as is permissible, The storage capacity to be provided would, of course, depend upon the operation. 
schedule of the power plant. he upper reservoir capacity is usually between six hours to twelve 
hours of pumping capacity. At Revin, for instance, the reservoir has a capacity to store 7% hours 
of pump discharge. Special operating conditions may need larger capacities. At Cruachan plant, 
storage for 20 hours is envisaged. 

‘The upper reservoir, whenever built by an all-round earthen dyke, needs extensive treatment to 
avoid seepage losses. This is usually achieved by a layer or multiple layers of asphaltic concrete 
topped with a sealing layer of mastic. 

The height of the dykes would depend upon the (otal storage needed as well as a minimum 
depth of water over the intake so as to avoid vortices at intake, At Ludington, the height of dykes is 
up to 52 m whereas at Revin, the height of the dykes ranges only from 10 m to 20 m maximum. 

‘The design and construction of the dykes is similar to that of embankment dams. The only 
special feature which merits attention is the relatively rapid drawdown in the upper pool during the 
generation phase, This drawdown is of the order of 12 m for the upper reservoir and 16 m for the 
lower reservoir for the Revin PS plant, The embankments must be stable for the condition of 
frequent drawdowns and fillings in a short time. 

The design considerations of the lower reservoir which is usually in a natural valley are not so 
stringent 

The water is conveyed between the two pools through a system of penstocks and tunnels. If 
the conveyance system is long, intermediate surge tanks may have to be provided. The sizes of the 
pipes/tunnels are decided on the basis of economic consideration discussed in the next chapter, But 
considering the two-way flow, itis clear that the permissible frictional losses have to be less than 
those in the conventional plants, As a result, the optimum size of a penstock in a pumped storage 
plant always comes out to be greater than that in an ordinary hydro-power plant. 

In the case of headrace tunnels, the economic diameter normally works out such that the flow 
velocities at the maximum flow are between 4.5 m/s to 6.5 m/s, For instance, Rodund 11 plant 
(Austria) provides an internal diameter of 4.15 m for the tunnel corresponding to a flow velocity of 
6-7 mis, The tunnel needs internal stcel plate lining to resist erosion. 

The intake at the upper reservoir is generally gate<ontrolled. These gates operate from an 
intake tower located in the reservoir. The minimum drawdown level in the reservoir, as already 
mentioned, must provide enough submergence depth over the intake s0 as to suppress the vortex 
formation at the intake. At Cabin Creek plant (300 MW, USA) the minimum level is about 9m above 
the top level of the intake, Further, the difference between the minimum and maximum levels is 
27.5 m, 
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POWERHOUSE 
‘The powerhouse of the PS plants is situated between the two reservoirs. Due to the requirements 
of submergence, the storage pumps or the pump-turbines are to be installed below the lowest tail 
water. A few well-known PS plants have been listed here with their submergence depth below the 
lowest tail water level. 














Ronkhausen (2 « 76.5 MW) 16m 
Foyer (2 « 150 MW) 375m 
Cruachan (4 © 110 MW) 457m 
Waldeck-II (2 « 220 MW) 526m 
Chaira (4 » 216 MW) 62m 





‘Technically speaking, the powerhouse setting for the pumped storage plants can be either on 
surface or in an underground rock excavation, Because of the requirement of submergence, very 
few powerhouses are above ground, Examples of these in India are Nagarjunasagar and Paithan, 
However. by and large, most of the plants are underground, Some of these have majority of the civil 
works underground. So, besides the powerhouse, the conveyance system and penstocks, even 
both the headrace and tailrace surge tanks may be rock caverns working on the air cushion principle. 

‘The usual construction is as per one of the following three methods 

(Installing the powerhouse in an underground rock cavern with the flow passages and 
other utilities being provided through tunnels, 

Many plants have such underground powerhouses. Cruachan (UK), Coo-Troi-Ponts 
(France), Vianden (Lusembourg) and Waldeck-II are examples of this kind. A general 
arrangement is shown in Fig, 7.15, The cavern type underground powerhouse is usually 
egg-shaped with spans as wide as 33.5 m, as in Waldeck-II. It can be theoretically 
shown that egg-shaped or elliptical rock caverns are the most efficient for rock-load. 
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Fig.7.18 Castaic power plant 
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(ii) Where the topography permits the powerhouse is built in an open pit. 

Ludington and Castaic (USA) are examples of this kind. ‘The general arrangement is 
shown in Fig. 7.16, 

(iii) The powerhouse can also be located in a shaft type structure. This concept was first 
developed for Ronkhausen, and is now employed for plants such as Vianden 
(Luxembourg), Rodund Il (Austria) and Foyers (Scotland). The main feature of the 
powerhouse is compactness. Figure 7.17 shows the general arrangement in this type of 
arrangement. 
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Fig.7.17  Ronkhausen powerhouse located ina shaft structure, 


EFFICIENCY OF PS PLANTS 


Itis customary to state that for every 3 kW input, you may expect 2 kW output in pumped storage 
plants, The normally attainable overall plant efficiency (1),) is around 70%. It could be worked out 
as below, for a closed cycle operation: 


Energy generated during one eyele, 






Energy consumed during the same cycle, 
Now, if Q is the discharge and His the gross head, 


oH =h 


) 
‘Then L” 0.736% n, 








8 5 


where 1, is the overall efficiency of generation (including turbine, generator and transformer 
efficiency) 
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@O(H —hy) 0.736 
B Tp 


where n,, is the overall efficiency of the pumping operation. 


and 








(H-hp 


Then, the overall efficiency 7, UREA 
(H+ hy) 


XN) Xp 


Andsinee 


a 
1 (4h) Xp 


Average values of 1), 1),. and kare respectively 0.88, 0.85 and 0,02 t0 0.03. With these values, 
the overall efficiency comes out to be 72 per cent. For example, Drakensberg scheme in South 
Arica, which is a closed cycle pure pumped storage scheme with an installed capacity of about 
1000 MW, has an overall cycle efficiency of 73.7%, 


ILLUSTRATIVE EXAMPLES 





Example 7.4 
At Kisneyama PS plant in Japan, the two reversible pump-turbines that have been used have the 
following rating during the pumping operation 
Speed =225 rpm 
Head =230m 
Discharge = 86 m'/s 
Determine the approximate submergence necessary 
Solution: 
‘The specific speed of the pump 





NYO _ 225¥86 

“E*  a30)"4 

From Fig, 7.14, for h= 230 and N= 35.4, h,=27,5m 

Hence, the necessary submergence is 27.5 m below the lowest tail water level. (Actually provided 
submengence is 30.0 m). 





Example 7.2 


A closed eyele plant in Austria, with a gross head of 350 m, has a headrace tunnel 4 m dia and 700 
1m long, 'The powerhouse discharges directly in the lower reservoir. ‘The flow velocity is 6. 
and the friction factor f= 0.018. Ifthe overall efficiencies of pumping and generation are 85% and 
88%, respectively, estimate the plant efficiency 


Solution: 











Frictional headloss, =F 


fled 
_ 0.018% 700%(6.5) 
Ha 
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‘Therefore, hy KH 

or 68 = k(350) 

Therefore, k =0.0194=0.02 
dk 





Plant efficiency 





lo xT Tp 


as 

0.98 «0.85% 0.88 
102 

=71.86% 


Example 7.3 


A 100 MW reversible pump-turbine has to work under a head of 400 m. Choose a suitable 
specific speed and running speed for the machine 


Solution: 


Note: While solving problems on specific speed for pump-turbines, one has to specify whether 
the specific speed is based on Q or Hf, because, the machine works both as turbine and as a 
pump) 
In the above problem Q is not directly known, The approximate discharge is given by 

Q= PISH, where Q is in m/s, 





and P =100 * 1000kW 
Here, /7 is in m and P is in kW 
Therefore, Q= 100» 1000/8 » 400 
=125%25 
or Q=30m'4s (approx.) 
Now, N, = 575 8H O45 (Using empirical equation) 
‘Approximating it to N, =375/ VH =575/20, we get 28.75, 


One could adopt V;(Q) for submergence calculation as 30. 
[(Q)=30 and = 400m, 
‘The minimum submergence is of the order of 30 m (read from Fig. 7.13) 





£14 = 30 494 = 426.6 

vo 30 

‘Therefore, the neues! synchronous speed, ie. \'= 429 rpm may be adopled for f= 50 hertz This 
corresponds to specific speed in terms of power (hp) VPI as 88.44, 





Now 








Example 7.4 


Ina regional power grid of a country, the weekly load curve indicates that 


() There is an energy shortage of 15 GWh per working day spread uniformly over 12. hours 
(it) There is spare energy of 9 GWh per day spread over 3 hours uniformly: 
(iii) Demand is quite slack on Sundays so that enough can be spared for the pumps. 


Design a closed cycle pumped storage scheme, using elementary analysis, 
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‘There is a large reservoir on a big river to serve as a lower pool. A suitable site is available 
1.25 km away with @ high hill, 300 m higher than the lower pool level for developing an upper 
pool. 

Work out 
(i) ‘The volume and the surface area and depth for the upper pool, 
(if) The power unit, giving the number and capacity of each unit as also the type of the equipment 
recommended to be used. 
Solution: 
Itis a six-day working week 


Excess power in slack time = 9 * 6-+36 GWh (Sunday) 
90 GWh 





(GWhiday * No of days in a working week) + excess on Sunday 

Therefore, a closed evele PS plant is feasible. 

Provide the Following units 

(a) Reversible pump-turbine of Fran 
Total capacity in pumping mode = 1500 MW 
‘Total capacity in generating mode (also) = 1500 MW (since it is a closed cycle) 

‘The above provision will include 1 reserve unit for a standby purpose, 
‘The 6 units would take care of the generating capacity on all 6 days, 

(b) In pumping mode, one needs 3 GW capacity on working days as well as on Sunday. 
‘Therefore, provide additional storage pumps only of equal size, ie., 250 MW so that the 
reversible units and the pump units would be adequate to pump in all 3 GWh on working 
days, 

(e) The discharge and head would be for reversible units of Francis type single-stage machines 





type units, 6 units, each of 250 MW. 














Assume P= 1 





O Wyo) 
1 *300=330m 
‘Therefore, @ =250000/12 «330=63.131 m/s 





‘Net volume of upper pool = 12.h pumping capacity on Sunday 
= 12 3600 * 12 «63.131 m? 
=3.27Mm* say,3.3. Mm 

If 10 m is the average height, then average eis area 
=3.7« 100m? 
= 37 hectares 


Since the top surface area would be larger than the bottom areas, we may provide an upper pool 
with a live capacity of 3.5 M m° and a top surface area of about 45 hectares (including the factor 
of safety) and a net water depth of 10 metres 


Questions 





explain the basic features of a pumped storage project and enumerate its advantages, 
Discuss the different arrangements of upper and lower reservoirs in a PS scheme. 

What do you understand by one-, two, three- and four-unit arrangements in a PS project? How do 
you compare the advantages of two- and three- unit arrangements? 

‘What is cavitation problem in a pump? How is it related with the depth of submergence? 

5. What is meant by efficieney of a PS plant? 








In most of the high head and medium head hydro-electric projects, a dam across the river is an 
important component, Very often, the cost of this single component may be as much as 20-25 per 
cent of the total financial outlay of the entire project. For instance, in the Koyna project India, the 
dam costs were € 80-90 million for the first stage in 1954 as against the total estimated expenditure 
of € 350 million.' A brief introduction of this important component has been given in this chapter. 
This is a very vast and specialized field on which volumes have been written. The limited objective 
here is to give a basic elementary information about various kinds of dams, in the context of hy dro- 
electric development 


HISTORY 


Dam building has very long history. Sadd-El-Kafara in Egypt, the carliest known dam, the remains 
of which are seen even today, is estimated to have been constructed in 2850 BC. Many dams of 
moderate heights were constructed in Roman, Middle Eastern and Indian civilizations. Most of 
these dams were either masonry walls or earthen bunds and some of them are in good condition 
even today. The real breakthrough in dam construction, however, has come only in the last 100 
years afier the principles of structural behaviour of dams were better understood. The modern 
trend in dam design is to go in for bigger and higher dams, The highest dam today is the earth-rock 
embankment dam called Nurek in Tajikistan which is over 300 metres high. It is an embankment 
dam. 

Tn India, Bhakra dam (straight gravity, 226 m) Idukki (arch dam 170.7 m), Tehri (carth and 
rockfill dam, 260.5 m under construction) are some of the high dams.” 








FUNCTIONS OF A DAM 


‘The dam fulfils two fundamental functions, (#) it develops a reservoir which has a capacity to store 
water, and (if) builds up head and thus, builds up potential for the river water 

Normally, both functions are complimentary, but a dam can have a moderate head and large 
storage capacity or a high head with small storage capacity. An example of the first kind is Aswan 
dam in Egypt which has 162 billion m* storage capacity with a height of only 111.5 m, On the other 
hand, Hoover dam in USA is of only 38 billion m* or Vajont dam in 





2 m high but has a capaci 
Italy which has a capacity of only 0.17 billion m? for a height of 262 m 





1 Year 1960 figures. 
2 Also see appendix for a list of high dams of the world, 
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CLASSIFICATION OF DAMS 


Dams may be classified in various ways. They may be based on their (i) function, (i) purpose, 
(ii) shape, (iv) material of construction, and (v) hydraulic and structural design. 


Classification Based on Function 


Classification based on function speaks of dams as storage dams, diversion dams or detention 
dams. 

Storage dams are mainly for storing water and using it subsequently as and when required for 
Various uses such as hydro-power, irrigation and water supply. Kariba dam storing 180.6 billion m* 
of water has the largest storage capacity in the world, 

Diversion dams are constructed to raise the water level and to change the direction of the river 
flow. Such dams may not have large storage capacities, but when a river has an adequate and 
assured flow, storage is unnecessary and only a diversion structure may serve the purpose. 

Detention dams are constructed primarily to store flood waters. A real detention dam is to be 
kept empty to receive the flood waters when the floods are anticipated. In multipurpose reservoirs. 
only a part of the total capacity may be reserved as detention capacity for flood control. 





Classification Based on Purpose 


Damss may be constructed to meet specific requirements or for different purposes such as irrigation, 
water supply, flood mitigation, power generation, fish farming, recreation, etc. They may serve a 
single purpose or may be multi-purpose. According to the World Register of Dams (2011) prepared 
by the International Commission on Large Dams (ICOLD), out of the 37,641 registered dams of 
over 15 m height, 71.6% were single purpose and the rest multipurpose. OF the single purpos: 
dams, 50% were for irrigation, 12% for water supply, 10% for flood control and 18% for hydro 
power generation. Of the multipurpose dams, 24% were for irrigation and 16% for hydro-power. 
Itmay be noted, however, that not all the dams are registered with ICOLD and therefore the figures 
are only representative 


Classification Based on Shape 





Classification based on shape speaks of dams as trapezoidal section (sectional elevation) of gravity 
dams or arch dams (plan form being arch shaped), multiple arch dams (plan form consisting of 
multiple arches) etc, This classification is, however, synonymous with the classification based on 
structural principles as the shape to a large extent is designed to suit the structural function 





Classification According to Construction Materials 


‘Various materials of construction have been used for dams, Chief of these are: earth, rock pieces 
and fragments, stone masonry, concrete and RCC. However, even timber dams (made of a timber 
crib) or stecl dams made of steel plates, or inflatable dams made of rubber and neoprene, have been 
used occasionally. In the initial stage, stone masonry was used a great deal, Nowadays, itis almost 
totally replaced by concrete, Nagarjunasagar in India [sce Fig, 8.2(a)] (114.5 m high), which is of 
stone masonry, is one exception: the choice being more duc to social considerations such as 
employment potential rather than any engineering compulsions, Masonry dams are not suitable for 
mechanized construction and hence are losing popularity, ICOLD’s estimate is that 63% of all the 


Danis | 203 





reported dams are earth-fill, 8% rockfill, 17% gravity (masonry or concrete), 4.9% arch, 1.1% 
buttress, 0.37% multiple arch and 0.67% are barrages. 
Steel, timber or rubber dams are a rarity and are used only where the heights are to be low. 
Concrete dams (plain as well as steel-reinforced), earthen and rockfill dams are the three most 
popular categories which are based on the construction material classification 


Classification According to Design 


A classification, perhaps the most logical for engineers, is one based on the structural design. Thus, 
a gravity dam is one in which the retained water thrust is resisted by the action of gravity. Arch dam 
is one where the thrust is resisted by the arch action and the buttress dam resists the water thrust 
with the help of buttresses, which support the water through an inclined structural member such as 
a slab. Technically speaking, earthen dams and rockfill dams also resist the water pressure by 
gravity action, but at the same time, the structural behaviour of these dams, in many respects, is 
unlike the gravity dams, Gravity dams are of a bonded material and a check for the stability of the 
scotion as a whole is adequate. On the other hand, the earthen or rockfill dams consist of discrete 
unbonded particles and the action of seepage through the body of the dam merits close scrutiny 
Dams are quite wide at the base and the stability of the total profile against the lateral water thrusts 
generally needs no check. Hence, these dams are normally classified under the category of 
embankment dams. They are sometimes referred to as non-rigid because of their greater flexibility 
and capacity t0 adjust to the post-construction settlements in the foundation strata 





Classification Based on Hydraulic Design 


slightly different method of classifying dams is based upon their hydraulic design. ‘Thus, there are 
overflow and non-overflow dams depending upon whether water is allowed to flow over their top 
or not. All embankment dams are non-overflow dams. Concrete gravity dams may or may not be 
overflow dams. Usually, in these, a part of the dam length is designed for overflow, while the rest 
is designed for non-overflow. In such cases, the overflow sections are referred to as spillways: 
Some dams, usually of small height (a few metres only), have their practically entire length designed 
for overflow. Such dams are called weirs. They are mainly for the diversion of water. 


SELECTION OF SITE AND CHOICE OF DAM 


Selection of a site for a dam depends upon the function of the dam, From cost consideration, 
smaller the length of the dam, lower are the costs. Hence, the site has to be the one where the river 
valley has a neck formation, Where storage capacity is needed, a valley which has a large storage 
capacity on the upstream side of the proposed dam site, is probably the best. Quite often, the dam 
is located after the confluence of two rivers, so that advantage of both the valley’ (o provide larger 
storage capacity and greater inflow is available [Figs. 8.1(a) and (b)]. For a diversion dam, a site 
which would decrease the length of conveyance of water would be adequate as no storage is 
involved 

Besides the function, the selection of site depends upon various factors such as the geological 
features of the site, accessibility and transportation of materials, the economics of total costs 
involved and sociological factors like the area which may get submerged after the construction of 
the dam, the relative factor of safety against natural calamity like earthquakes. The selection of a 
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Fig.8.1 Suitable sitesfora dam 


site is also dependent upon the type of the dam that is to be built just as the type of dam would also 
depend upon the suitability of the site, 

The paramount considerations in the choice of the dam are safety and economy. Failure of a 
dam is an event of catastrophic proportion that involves many lives and tons of money. Naturally 
the proposed dam must fulfil the requirement of safety under various possible steady state and 
transient conditions. The dam has also to satisfy the tests of stability for (/) unusually high floods 
with a return period of the order of 10,000 years and (if) shock loads which may be due to 
earthquakes and sudden change in reservoir levels, 

The second controlling factor is the overall economy. The overall economic analysis takes the 
total capitalized cost of the construction as well as maintenance of the dam throughout its life 
period for comparison and chooses the least cost solution. 

Besides the above two basic considerations, other important factors are: 

(®, Geology of foundations 
(1#) Hydrologic considerations and river-diversion during the construction, 

(ix) Availability of the construction material 

(iv) Availability of construction plant and general knowhow, 

If good rocky foundation is not available, gravity dams are beyond consideration. Similarly, 
non-availability of the cement etc., may lead to the choice of embankment dams, Arch dams were 
not constructed in India until recently because of the relatively limited construction expertise, 
Nagarjunasagar dam was built as a masonry dam, as employment opportunity of labour was also a 
basic consideration. If the water is acidic, mass concrete dams may deteriorate fast: hence arch or 
buttress dams may be preferred, as is done in some European counties. 

The geology of foundations needs to be fully investigated before the choice is finalized. Large 
number of bore-holes are logged extending over the entire foundation area and up to great depths 
and extensive geological mapping is done either by conventional methods or by sophisticated 
geophysical prospecting, Investigations are o be conducted not only at all the selected probable 
sites but over the entire reservoir arca also, in order to identify the potentially weak strata which are 
likely to give way under extra pressure. 
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‘The failure of the flanks of the reservoir is as bad a calamity as the foundation failure of the 
dam proper. Vajont reservoir disaster in 1963 was due to the failure of strata at the flanks of the 
the dam remaining intact all the while. 

Normally, subsoil investigations may cost as much as 0.75 to 1.0 per cent of the total dam 
cost. Ifthe soil or rock strata are not entirely satisfactory, treatment of foundation by grouting is 
undertaken to render the foundation strong and impermeable and suitable for the construction of 
dam. For gravity dams, cement grouting and for embankment dams, clay grouting is common, as 
a part of foundation treatment. 








GRAVITY DAMS 


Gravity dams are constructed either in stone masonry or in concrete, As mentioned earlier, the 
stone masonry dams were in vogue till the tum of the century but have now been almost totally 
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Fig.8.2  Nagarjunasagar dam. 
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replaced by concrete dams. Conerete dams can be built faster, with more effective quality control 
than masonry dams. Conereting of dams is, nowadays, done with an elaborate mechanized plant 
the concrete remains almost untouched by hands till itis placed at the site, On the other hand, 
masonry dams need hundreds of masons working simultaneously. With so much human element 
involved, it is difficult to control quality as also it is difficult to speed up the construction, The 
masonry dams, being man-oriented rather than machine-oriented, could be considered only under 
two circumstances: 





(®) Im regions where there is large scale unemployment. 
(ii) Where concreting is difficult due to the non-availability of either cement or the concreting 
plant. 

A good example of a modem masonry dam is Nagarjunasagar (Fig, 8.2) on river Krishna in 
India, which is over 125 m high (above deepest foundation). The choice in this case was mainly 
because of the first consideration, The work on this dam lasted 12 years and 60,000 people were 
employed during peak construction period. 


Conerete Gravity Dams 


In India, the first fully concrete gravity dam was built in Vaitarana in 1954 (for the supply of water 
to the city of Mumbai), although the Periyar dam had used concreting as back as in 1895. As 
compared with arch dams, analysis of the structural behaviour of gravity dams is simpler, It also 
does not need as much expertise as the arch dams or buttress dams do. For these reasons, in the 
earlier stages of dam development, mostly only gravity dams were built. 








Fig.8.3Choruthoni dam (Photo: Venkatachalam), 
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‘There are two main situations under which the gravity dams cannot be considered feasible: 


(0) When good rocky foundation strata are not available 
(ii) When the height of the dam is more than 250m or so (Grande Dixence dam in Switzerland, 
285 m isa gravity dam, but itis an exception). 





The construction work is preceded by diversion of the river through channels or tunnels and 
by constructing cofferdams to keep the river channel dry at the dam site, Coffer dams are temporary 
structures such as steel shect piles or temporary dykes to retain water, but they are themselves quite 
costly for large dams, 

The dam is constructed in stages. It is divided in various blocks and conereting is done in a 
particular block so as to raise it by 1,5 to 2 m, at a time. Figure 8.3 gives a view of 135.7 m long 
Cheruthoni dam (Kerala state, India) across Cheruthoni, a tributary of Periyar River. 

The raw materials like cement and aggregates are fed by belt conveyors into the concrete 
mixing plant from where the concrete is delivered to the site with the help of mechanized equipment 
like cableways (on which the buckets can move). The concrete is supercooled to 10°C by passing 
it through a cooling plant so as to offset the heat of hydration for prevention of overheating and 
consequent shrinkage cracks later, Placing of concrete is followed by thorough vibration and 
subsequent curing, The joints between the blocks are treated as expansion joints 

A typical example of high concrete gravity dam in India is Bhakra over River Sutlej, 226 m 
high. 

‘The Grande Dixence (Switzerland) gravity dam is the world’s highest concrete dam with a 
height of 285 m, The crest length of the dam is 695 m, its base thickness is 198 m and crest 
thickness 15 m, 

A recent example of a major concrete gravity dam is Three Gorges dam in China (on Yangtse 
River). The 2,345 m long dam has a maximum height of 175 metres. 





Structural Stability of Gravity Dams 
Foranalysing the structural stability of dams, the following forces have to be taken into consideration: 





(Self weight of the dam including its foundation (J), 

(ii) Water pressure (P,, P,,. Po. P,) 

(ii?) Reaction of the foundation (), equal and opposite to the resultant force on foundation; 
Figure 8.4 shows R as the resultant of all the active forces. The foundation reaction 
(vertical and horizontal components) is indicated by the components 2 and EF, 
respectively. 

(iv) Uplift pressure due to subsoil flow (U). 

(v) Wind and wave forces (P,.), 

(vi) Earthquake forces (P,, Ey. E,), 

(vif) Silt pressure due to deposited silt in the reservoir. (P.), 

(viit) Pressure due to ice formation at water surface (P.). 





These forces, their graphical representation and directions are indicated in Fig, 8.4. The dam, 
under the action of the various combinations ofall the forces listed above, has to fulfil the conditions 
of stability as described below 


208 | Water Power Eyonveeuna 





Pe 


cM i 








2m) foalh 
H { 
if 
hs 
Fig.8.4 Forces acting on adam. 
Conditions of Stability 
‘The basic three conditions of stability are 








(®) E Horizontal forces = ZH = 0 
(i) E Vertical forces. =EV= 0 
(iif) © Moments =IM=0 (8.1) 


‘The physical meaning of the three conditions is as follows’ 


(i) The net active horizontal forces on any horizontal section must be balanced by the 
reactive horizontal force from the foundation. If this is not possible, the dam will slide in 
the horizontal direction. This type of failure is called shear failure, The factor of safety 
against shear failure is given by the formula 


WEF +0.5Bs 


8.2 
f =F (8.2) 





where EF’ and XP are the net active vertical and horizontal forces on the section under 
consideration, {tis the coefficient of friction and B is the width of section (We are 
considering asection of width # and length unity); 0.5 isthe normal value of the coefficient 
denoting the efficiency of the section to mobilize the full shear capacity. The appropriate 





value of 1 is between 0.65 and 0.75. and s is the allowable shear stress of the concrete. 
The usual acceptable value of S,_ is 4 or above. If the shear resistance capacity of the 
dam is, however, ignored then the formula simplifies to 


wor 
=P 








(83) 


In such a case, it is permissible to have a much lower value of 8, 
(i#) The second condition stipulates that on any section of the dam, the net active vertical 
forces must be balanced by the reaction from the mass below the section. If the active 
vertical forces are excessive, itis beyond the capacity of the dam or foundation material 
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to mobilize reactive force to balance them. In such a case, when the vertical reaction 
crosses the safe limit, there is a failure by compression (crushing). To check against this 
failure, the maximum compressive stress anywhere in the dam must not exceed the safe 
compressive stress, /. The maximum compressive stress is given by the major principal 
stress and hence the condition reduces to the formula: 


Maximum principal stress, P< f, (84) 


This condition requires to be checked particularly in high gravity dams, The maximum 
stresses develop near the foundation level and any failure from crushing would first 
coveur in this zone. 

(i21) The statical stability condition, EM = 0, ensures that there would not be any unbalanced 
turning moment in the dam at any section, Ifthe condition is not fulfilled, the dam would 
fail by overtuming, Normally, this situation never arrives, as, before this type of failure 
occurs, the dam would fail duc to other reasons such as tension and shear. 

(iv) Another very important criterion in the stability considerations is the failure by tension. 
Conerete or masonry is very weak in resisting tension and tends to develop cracks in 
case tension develops anywhere in the dam, This eventually leads to a progressive failure 
of the dam, as the cracking at the base or elsewhere disturbs the monolithic action of the 
structure, 

‘Tension in gravity dams is due to bending stresses on any horizontal section. At the design 

stage, care has to be taken to sce that by and large, the dam is fully in compression. This condition 
can be realized by the rule generally known as “Middle Third Rule” 


Middle Third Rule 


Consider Fig. 8,5(a) in which a gravity dam section is shown. The resultant of all the active forces 
on a section such as 4,B, is given by R which cuts the section A,B, at point C. The resultant RK 
will have two components R,,. vertical component and R,, horizontal component, R, produces a 
compressive stress on A,B, and considering a unit length of the dam (perpendicular to the plane of 
paper), we can write: 


R, 5 
Direct stress, p = = (85) 
where B is the width as shown in the figure 
This stress will be uniform over A,B, and can be represented by a pressure rectangle as 
shown in Fig. 8.5(b). Besides the above, there will be a bending stress on A,B). This is due to the 
fact that 2 is usually eccentric. The bending stress is due to the couple, Re, where ¢ is the distance 
OC between the midpoint of the section and point of reaction, C. If R,e=M., then the bending, 
stress p, at any point on A,B, is: 





(8.6) 





where /is the moment of inertia of the plane section and is given by B*/12 in this case (rectangular 
section) and y is the distance of the given point from the midpoint O. Expressing y — kB, where k 
can vary from 0 to 0.5 


210 | Water Power Exoneene 








5 





@ 





| 























PE ee 
fal o (©) Dim 
T Po i 
© 
Fig. 8.5. Middle third le Fig. 8, Stessos athe and oe. 


(8.7) 





‘The bending stress will be varying from tensile at one end to compressive at the other end 
depending upon the sense of the moment. It is graphically indicated in Fig. 8.5(c). The maximum 
bending stress will occur at the two ends where k= 1/2. For these two end points, A, and B, 
_ 6Re 

B 
‘The resultant normal stress at any point on the section is given by the algebraic addition of the 


two stresses, 
Thus, 





Ps 





and for points A, and B, 


P, (88) 





This addition can also be done graphically by superimposition of the two stress diagrams, 
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‘This is shown in Fig. 8.6, with the following three possibilities: 
(a) p> py here p,, is +ve throughout 

‘This would result in the entire section being in compression corresponding to Fig, 8.6(a) 
(b) p=p,, here p, is +ve over A,B, but reaches zero at A,, corresponding to the condition in 

Fig. 8.6(b). 
(©) p <p, here p,, is +ve only over part of the section, as shown in Fig, 8.6(c) 

The rest of the section will be under tensile stress. 
Since no tension is to be permitted in the dam, the obvious condition should be: 

P2D, 

If the limiting case is considered 


P=P, — (Fig. 8.6(b)) 





2 
or p, = 2p = —* at point B 
Py= 2p = > at point B, 
and 1 0= (1 at poi 
B 
‘Therefore. = BG (8.9) 


Thisis the maximum permissible eccentricity on either side of the midpoint O to avoid tensions. 
In other words, as long as the resultant falls within the middle third of the section, there will nat be 
any tension anywhere in the section. In designing, therefore, the requisite condition is that the 
reaction at any section must be within the middle third of the section. This is known as the Middle 
Third Rule for gravity dams 

In gravity dams with uniform width of base, whenever the reservoir is full, the resultant tends 
to fall on the toe side of the centre and the maximum compressive stress is at the toe, When the 
reservoir is empty, the resultant is on the heel side of the centre point and the compressive stress 
becomes maximum at the heel. The middle third rule has to be satisfied both for the full-dam and 
empty-dam conditions 
Calculation of Forces 
A dam section has to fulfil the conditions of stability under all circumstances. Thus, various 
combinations of the forces indicated in Fig. 84 are required to be taken into consideration, In 
Appendix I of the book, the six different situations which need to be analysed are enumerated. 

The analysis consists in firstly determining the magnitude and the line of action of all the 
relevant active forces corresponding to the given condition of analysis. Conditions of stability are 
then investigated by taking moments about a suitable moment centre and determining the line of 
action of the reaction, It will be seen that 


B_=M, 
2° =F 
where EM, is the resultant of the moments of all the active forces and EF is the resultant vertical 


active force. The analysis has to be conducted at different horizontal section plans of the dam as the 
dam has to fulfil the criteria of safety at cach and every point of the cross-section. In the analysis, 





(8.10) 
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normally a unit length of the dam is considered since the stress pattern can be assumed as two- 
dimensional for most of the gravity dams, at least atthe initial stage. The magnitudes of the various 
forces and their points of application are determined either on the basis of known laws such as 
hydrostatic law or on the basis of observations, A summary of the important forces and their 
distance from moment centre (presumed to be M in this case) is given by the following equations 
(also see Fig. 8.4) 

















Force Magnitude Moment arm from toe 
‘Water pressure 
hy 
F a 
ui 3 
Py 4 (8.11) 
- 2 3 
Py w Vol. ABCD (Bx) 
(CG. ofthe area from toe) (8.12) 
Pr, wx Vol. HIK y 
Self weight 
W wG = Vol AHPQRCBA L 
Uphit pressure (813) 
L w Area of uplift diagram m 
Earthquake pressure 
& Oe 
1s 
Silt pressure 
; ang a aw 
, 1+sino 3 
Wave pressure 
P, 2whe (h, +3/8h,) 











where / is the height of silt deposition, is the angle of internal friction, w is the submerged unit 
‘weight of the sil, fh, is the height of waves, C, isa factor depending upon physical conditions and 
is the ratio of earthquake acceleration to g. In the absence of reliable field and laboratory data for 
computing ice pressure, arate of 250 kPa may be considered to be applied over the anticipated area 
for the face of the dam in contact with ice, 

‘The magnitude of uplift force needs a special mention. There are three different possibilities, 
namely (i) Full uplift acting but without tail water (1) Full uplift acting with tail water (i) Uplift 
acting with drainage gallery removing part of the seepage water. The uplift diagrams for the three 
conditions are shown in Fig, 8.7(a), (b) and (c), respectively. The magnitude of the uplift pressure 
intensity at O is usually given by an empirical formula as follows 


U=w [hy + 18h, hy) (8.15) 
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(b) With tal water (c) With drainage gallery 











Fig. 8.7 Uplift pressure diagrams, 


The corresponding total uplift and its moment arm can be worked out with the help of the 
above formula 
Elementary Profile of a Gravity Dam 
Ifwe consider only the major forces such as water pressure, self weight of the dam, the uplift force 
and the foundation reaction, the minimum section to satisfy the stability criteria happens to be triangular 
with zero top width, as shown in Fig. 88, Such a section 
is called the elementary profile of a gravity dam and 
satisfies the shear, tension and overturning criteria. Such 
triangular profile, however, is not practical as it fils to 
ensure stability in the topmost part when secondary 
forces are taken into consideration, It also falls short of 
the utilitarian requirements, such as a road on top of the 
dam. It, thus, serves as a starting point for the 
progressive refinement of the design. It also provides an 
instructive example of the application of the stability 
criteria mentioned earlier. Let us investigate, for instance, 
the application of the middle third rule to an elementary 
profile shown in the figure. 

Let G be the specific gravity of the dam material, 
and w the unit weight of water, Then, considering unit 








kolo 





Fig.8.8 Elementary profile of gravity dam, 





length 
Weight of the dam, W= 12h Bw G (8.16) 
Uplift force U = 1/2 Kw Bat (8.17) 
Water pressure P = 1/2 w h?, 


*Value of K would be between zero and unity, the wo extreme values corresponding to “no uplift’, and 
“full uplift” conditions. ts value depends upon the effectiveness of drainage of the foundation, With 
live drainage, the uplift would be very low 





214 | Waren Power Exonieeana 





If the resultant reaction is to be within the middle third, assume it to be at a distance of B/3 
from the toe, a limiting condition. Then for stable equilibrium, taking moments about the toe and 
equating them to zero, we obtain 








2 
Phy uy 7B eB 
3 a3 
Since R, = (F -U) 
this works out to Be 
wh* 
or = 
6 
or BG-K)=h 


(On further simplifying 





(8.18) 


VG-K 
The above equation gives the minimum base width B needed to avoid tension in the dam. 


IfG = 23 and K= 1.0 (assuming full uplift), 


O87 (8.19) 





pests 
4 


Similarly, by employing the elementary equation for horizontal forces at the base level and 
neglecting the shear resistance, we write 





y + wh? (8.20(a)) 


uftwoen-LKwBA 
2 2 


For limiting condition, assuming the factor of safety S, 
we get 


0, H = 0.75 and G and Kas above, 





0.75 BU3)=h 
h 
i235 (8.20(b)) 
[It may be noted that as / decreases, B also decreases in Eqn. 8.20(b)] 
Actually, the bed width is a little less than what is given by the above formula, In actual dam 
scotions, the base width B works out to be about 80% of the height. This is shown in Table 8.1 for 
four gravity dams in India 








Table8.1 Base widths and heights of some Indian dams. 











Dam Height Base width 
Koyna 103.1m 808m 
Bhakra 1905m, 
Cheruthoni (Idukki project) 135.72m 1052m 











Emerald (Kundah project) 7m 386m 
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Principal and Shear Stress 
For calculating the principal stress and the shear stress, a 
small elementary triangular prism is considered at the heel (or 
toe), When the reservoir is full, the stresses at the toe are 
greater, so normally the stress analysis is done for the 
downstream toe. 

Consider a triangular section KLM of the downstream 


DIS face of dam 





side of the dam as shown in Fig. 8.9. Here, KM and KL are " 
the principal planes, mutually at right angles. Downstream Base Pry 
face ofthe dam is one principal plane (say KM) since there is Fig. g.gAnelementary prism 


no shear stress on this plane, Let the small lengths KL, LM 
and KM be d,, d, and d,, 

The forces acting on the section are: 

‘pis the intensity of water pressure on d/s face. 

6, is principal stress on the plane KL 

tis shear stress on the plane LM 

P, is the normal stress as found from Eqn. 8.14 

is the angle of d/s face with vertical 

For aunit length ofthe dam, the normal forces are thus, pd,,d, and p,d,on the planes KM, KL 
and LM, respectively 
Principal stress: Resolving all the forces vertically and considering the forces upwardsas positive, 
we get 

Pd, = ped, sind + 6d, cos O 


or P,d,= p.dy sind + 6, d, cos’> 





P= psin’® + 6, cos’o 


_ (mo-psin?o 
cos? 


or 5,=p, sin’ — p tan" (8.21) 
‘The principal stress will be maximum when there is no tail water, asa result of which p = 0 
Under such a ease. 


Hence, 





6, =p, sin’ (8.22) 

In the Eqn. 8.21, 6, will be greater than p, as such, 6; is called the major principal stress and 

p is known as minor principal stress. For the upstream face, however, p will be greater than 6 
and, therefore. p would be the major principal stress and 6, would be minor principal stress. 

Equation 8.21 does not consider the hydro-dynamical effects due to earthquake. If p’ is the 

intensity of hydro-dynamic pressure of tail water, the principal stress would be given as: 
5, =p, sec" — (p — p) tan" (8.23) 
Ifp, is the hydro-dynamical pressure intensity on the upstream side, then the principal stress 





9, =p, sec* - (p + p,) tan (8.24) 
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Shear stress: Resolving all the forces horizontally, we obtain 





td,=6,d,sin o — pd,cos 


or T= 6, cos o sin g —p sin 6 cos @ 





or t= (6, ~p) sin coso 
From Eqn. 8.21, substituting the value of . we get 
T= (p,, sec% — p sec) sind cos @ 
or T=(p, piano (8.25(a)) 


The above equation holds good for the downstream face only. For upstream face, the direction 
of is reversed, If there is no tail water, then for downstream side, 


T=p, tang (8.25(b)) 
When the earthquake is considered on the downstream side, 
T= tp, — (pp. yyan (8.26(a)) 


Similarly, with the hydro-dynamic pressure due to the earth quake, the shear stress on the 
upstream side will be 
t= 





{p, ~ (p— pDyan o (8.26(b)) 
Now, for the elementary profile, from Eqn, (8.8), 

ER, 
a= 





It “ } where ER, = (WU) in this case, With reservoir full, and e = B/6, the 








B 
normal stress at the toe would be 
<u) 
P,> Fas 
vl leaeeretae ker 
or P, = =| <h BwG——KhBw from Eqs. 8.16 and 8.17. 
2" B\2 2 
or p,~wh(G~K) (8.27) 


And the stress at the heel will be 


sabe 





Py 


B 
The principal stress at the toe is given by Eqn. 8.22, ic., 


5, =p, sin’ 
= wh(G — K\(1 + tan? 9) 
= wh(G - Kl + (BAY 





tan 6 = Bih) 
But from Eqn. (8.18), 





=o 
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On solving, 
9, =whG-K+1) (8.28) 
‘Now the shear stress at the toc is given by equation (8.25(b)) ie., t= p, tan 6 
or T= wh(G — K)Bih 
or t= wh {G-K (8.29) 


The principal and the shear stresses will be zero at the heel since the normal stress is also zero. 
Limiting Height of the Dam 

Depending upon the limiting values of the principal stress for the material of the dam, the heights to 
which the dam can be raised may be worked out. Thus, if the principal stress is less than the 
allowable stress f. for the material of foundation, then for the limiting case 











f,= 6, =wh(G-K+1) 
or Limiting heighth, = — fs (8.30) 
- WG=K+1 
If the values of f., w, Gand K are put as 50 kg/cm”, 1000 kg/m*, 2.3 and 1.0, respectively, the 








limiting height h, = 217.3 m. I the dam is higher than this magnitude, the principal stress will 
exceed the permissible stress. To bring the permissible stress within limits, special design methods 
are necessary 


EMBANKMENT DAMS. 


Requirements of solid gravity dam foundations are very stringent, The embankment dams, on the 
other hand, need not have a rocky foundation and can be built on regular good quality soil, The 
other advantages in favour of embankment dams are: 


(Construction plant is relatively simple as only the earth handling machinery is needed 

(ii) Costly and scarce materials like cement can be dispensed with to a large extent 

(iti) Most often, embankment dams can be designed to utilize the locally available material 
without much processing, 

(iv) The first cost of an embankment dam is much less than that of a solid gravity dam, in 
spite of the larger section. 

(v) Earthen dams become stronger with age 

(vi) In seismic zones, embankment dams may be preferred to gravity dams, due to their 
inherent adaptability 


Embankment dams may be constructed either as the earth dams or as the rockfill dams. 
Nowadays, earth-rockfill (combination of the two) is also often employed. Earthen dams are being 
constructed for more than last 2000 years but in the twentieth century, the development in earth 
moving machinery and the advancement in the knowledge of soil mechanics has encouraged the 
construction of embankment dams to a much greater extent. The 224 m high Oroville dam in USA. 
300m high Nurek dam in Tajikistan, 242 m Mica dam in Canada, 261 m dam at Tehri in Uttarakhand 
(india) (Fig. 8.10) are some of the outstanding examples 
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Fig.8.10 view of Tehri earth and rock dam (Courtesy: THDC India Lia) 


More than 71% of all the dams in the world are embankment dams. 

In the past, construction of embankment dams was a slow process, but now with the 
development of earth moving machinery this drawback is removed. Giant dams such as Tarbela in 
Pakistan, with a total embankment volume of 121.7 million m*, have been constructed with great 
speed. At the peak period of working the daily placement there was as much as 225,000 m’. 
Appendix atthe end of the book shows some of the largest dams of the world, going by the volume 
of the material used. 


Earthen Dams 


Otherwise known as earthyill dams, these basically consist of earth-filling in small compacted 
layers and raising the embankment in a mound shape approximately trapezoidal in section. Since the 
compaction is done by rolling. these dams are also known as roiled-fill dams. The alternative 
method of raising the embankment is, by jetting soil slurry in which case itis known as hydraulic 
fill dams. The earth moving machinery normally needed for the operation include trucks, loaders 
and dumpers to bring earth from the borrow pits and bulldozers, and rollers for levelling and rolling 
for compaction. 
‘Two basic requirements of earthen dams are: 
(i) a reasonable degree of imperviousness, and 
(ii) stability under all conditions of working, 


y soils do not satisfy the 





Purely sandy soils make the first requirement impossible, while cl 


second criterion, In conditions of sudden drawdown, clay remains saturated with water and becomes 
unstable, Hence, it is clear that only carefully selected and blended earth has to be used for 
embankments. Three types of design for earthen dams are in vogue: 
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(a) Homogeneous section 

(b) Diaphragm type, and 

(c) Zoned section. 

(a) The homogeneous type utilizes sandy clay soils and is presently restricted only for small 
dams, The entire section is made of the same type of soil (Fig. 8.11(a)) unlike the zoned 
section 

(b) The diaphragm type (Fig. 8.11(b)), now obsolete, has a solid cut-off in the form of a 
masonry or conerete wall extending throughout the height of the embankment. This imparts 
imperviousness but homogeneity of the action of the earth mass is lost, That is the reason 
for it going into disuse. Moreover, the post-construction settlements in the embankment 
and foundations often cause cracking of the diaphragms. 





Rigid chaphragm 
Fier eee 








(a) Homogeneous (b) Diaphragm type 


Impervious core 







Pervious shell, 


Pervious pes 


shell 


(6) Zoned-section 


Fig. 8.11 Types of earthen dam. 


(©) Zoned scetion is the most popular type used nowadays in which cross-section of the dam 
is divided into zones (Fig, 8.11(c)). The outer zones are more pervious to have a free 
draining property while the inner zone, or the core zones as they are called, are made up of 
an almost impervious clayey soil in order to check seepage, The zones usually are only 
two in number—one, with a clay core and the other, a pervious shell, Big dams may have 
more than two zones, with soil propertics different for every zone. 

‘The seepage lines for a homogencous scetion and a zoned section are shown in Fig. 8.12, This 
‘would clearly illustrate the importance of core in offering resistance to seepage. The central zone 
forms relatively impermeable core with selected soil material like sandy clay, The core zone forms 
about 40-70% of the dam section. Along both faces of the core, graded material forms a transition 





Phreatic line 


Phreatic line 








Homogeneous section ‘Section with impervious core 


Fi 





12, Seepage lines in earthen dams. 
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zone and the outer zones consist of pervious material necessary for stability. A filter and a rock toc 
aim at collecting and draining out any seepage water. This is further discussed subsequently. The 
discussion restricts itself to only rolled-fill dams, 

An earthen dam may fail due to piping (the constant removal of soil grains due to seepage), 
over-topping, sloughing loss in shear strength duc to saturation, instability of slopes, conduit leakage, 
damage to slope paving due to wave action and rains, etc, Thus, while designing the dam, possibilities 
of all such failures should be studied and analysed. The outlets and penstocks are taken as far as 
possible, through tunnels in the hillside on either side of the dam, They may be a source of trouble, 
if provided in the body of the dam. 


(i) Preventing seepage: Seepage through the foundations of the dam should be prevented so that 
the resulting failures, for example due to piping and sloughing, may be checked. Seepage underneath 
also exerts upward pressure due to uplift, An effective method to prevent seepage is to provide 
positive cut-offs in the upper layers of the foundation deposits and backfilling it with impervious 
clay soils. The usual depth of the cut-off is between 15% and 45% of the total height of the dam 
and the width at the bottom of the order of 0.20.5 times the maximum head of water. The cut-off 
should be preferably extended up to the impervious layer of the foundation, Where the impervious 
stratum is at great depth, only partial cut-offs are provided. Cut-offs may be diaphragm walls of 
concrete, stecl sheet piles or impervious clay, Other effective methods to check seepage are through 
(i) upstream clay blankets and (ii) grout injections to form a grout curtain. Clay blanket, for instance, 
is provided at Tarbela, while grout curtain is provided at Ramganga, India, 

Gi) Providing drainage: Drainage in carth dams is usually provided in the form of horizontal filter 
and connected to a rockfill prism in the toe of the downstream slope of the dam as shown in Fig. 

8,13(a), A still more effective way of drainage is by the provision of internal vertical or sloping 
filters, also known as chimney drains [Fig, 8.13(b) and (c)] extending up to or near the top of the 
dam. An inclined drain similar to the one shown in Fig, 8.13(c) has been provided in Ramganga dam 
(UP) India and a vertical drain as in Fig. 8.13(b) in Balimela dam (Odisha), India. The main dam of 
the Ramganga multipurpose scheme (ultimate installed capacity 198 MW) is 121 metres high and 
625 metres long and is one of the highest structures of this kind in the country. 


Phreatic line 
DIS slope 





Rock toe ar aan 
Fiter 





(a) Horizontal fter and rock toe (©) Vertical chimney drain 





Phreatic line 


(6) Incined chimney drain 


Fig.8:13  Typesot drains, 
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Upstream slope protection: Some of the methods for protecting the earth dam slopes use: 
‘Dumped stone rip-rap, 

Hand-placed rip-rap. 

Grouted rip-rap, 

Concrete slabs or concrete blocks, 

Bituminous paving, and 

Planting on slopes. 


wwe 


2 


The usual practice in India is to use the first two methods, The thickness or the rip-rap depends 
on the wave height and the impact force, Accordingly the thickness of protection may vary between 
45 cm and 100 cm. Empirically, the thickness of rip-rap is recommended to be minimum 1.5 times 
its average rock size. The size of the rock pieces for rip-rap is 20-35 om. If the height of wave in 
the reservoir is more than 1.75-2.0 m, due to high dynamic force of the waves, it is safer to use 
reinforced concrete slabs of sizes up to 10 m = 10m and thick-ness varying between 0,2 m and 
0,5 m, as is the usual practice in Russia and neighbouring countries. 

A ypical cross-section of Tehri dam (Uttarakhand, India) is given in Fig, 8.14 showing the 
type of core drain, seepage protection ctc 














(1) Impervious core (8) Riprap 
(2A) Upstream shel (6) Inspection galley at El. 725 m (+!-) 
(28) Downstream shell (7) Inspection gallery at El. 85 m (+) 
(20) Processed shel (8) Consolidation grouting 
(20) Processed shell (8) Grout curtain 

(2) Fine ter (10) Underground grouting gallery 


(4) Coarse fiter 
Fig. 8.14 Main dam section of Tehri project (Courtesy: THDG India Lt), 


Figure 8.15 shows a typical cross-section of the main embankment of Tarbela dam in Pakistan 
(143 m high) one of the world’s largest rolled-fill dams, This has a sloping core which is supported 
cn the upstream and downstream sides by well-graded granular shells. A chimney drain sloping 
upstream has been provided. Continuous with core, an impervious blanket extends 1,738 m in the 
upstream direction. The upstream slope is protected against wave action by a rip-rap zane and the 
downstream slope against rainwater erosion by free draining slope protection. 


(a) Main components 
(b) Different zones 
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Fig.8.18 Cross-section of Tarbola main dam, 


‘The Ukai earthen dam, over river Tapi (India), is a zoned rolled-fill embankment 68.58 m high 
and 4.9 km long, of which 4,021.45 m is the rolled-fll and the remaining is stone masonry incorporating 
spillway, power dam etc. It has an inclined impervious core, a semi-pervious upstream shell and a 
random silty zone with downstream semi-pervious shell. For draining out the seepage water, both 
inclined and horizontal filters and rubble rock toes are provided, 

(iv) Design of earth dams: Design of carth dam is done frequently by empirical rules and on the 
basis of experience of the existing dams and their performance. The preliminary design, thus, 
consists in selecting the height of the dam, its top width, upstream and downstream slopes, drainage 
system. impervious core etc, mentioned briefly as below 
Height of the dam. Height of the carthen dam should be such that it is not overtopped at any time. 
Thus, after studying wave height, wind set-up. likely maximum water elevation etc., the freeboard 
varying between 3 and 5 m is provided depending upon the nature of spillway and height of the 
dam, as also degree of seismic activity at the proposed site, Thus, for controlled spillway and 
height of the dam over 60 m, the usual value of freeboard recommended by USBR United States 
Bureau of Reclamation) is 3 m above the gate crests 
Top width. The top width of the earthen dam should be such that at full reservoir level, the phreatic 
line is restricted within the dam and earthquake forces and wave action do not impair its safety 
USBR prescribes a top width B given by the following formula for dams of height greater than 
30m: 

B= 1,65(H + 1.5)! where H is the height of the dam. 
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For low dams, the empirical formula that can be adopted is: 
B= 
A minimum width of about 3 m is usually provided 





Upstream and downstream slopes. The upstream slope may range from 2:1 to 4:1 depending upon 
the characteristics of the material in the body of the dam and the foundation height of the dam and 
type. However, the usual up-stream slopes are 244: 1 or 3:1, The downstream slopes are generally 
2:1 for pervious, downstream zone and 2:1 for impervious embankment that rests on good 
foundation soil 

Drainage system. 11 is almost impossible to achieve a perfectly impervious dam and as such there 
is always some seepage through the body of the dam, Frequently used methods of controlling 
seepage are: provision of an impervious blanket on upstream face, a clay core or diaphragm, grout 
curtain etc, Seepage water is collected through the drains consisting of a rock toc and horizontal or 
chimney drain as described earlier. The filter drains, however, have to be very carefully designed 
USBR prescribes the following criteria for the filter material: 





Djs of filter material _ 
‘Dy; of base material 


w 310 40% 


Djs of filter material 
Dgs of base material 


w) = Sor less 


Ds of filter material 
(iy) $s © EET = 2 or more 
Maximum opening of pipe drain 
(iv) The grain size curve (size distribution curve) of the filter should be roughly similar to that 


of the base material 


Here, the subscript (15 or 85) to D indicates the grain size of which the percentage shown by 

the subscript is finer. Condition (0) above ensures that the filters should be substantially more 
permeable than the soils they protect, while condition (i) ensures that filters are to prevent piping. 
Over the last thirty years, there has becn a continuous development in the design of drainage system 
of carthen dams. 
Central core, The central core made up of relatively impervious material like clayey soil, is provided 
to bring down seepage through the dam. The thickness of the core is dependent upon the type of 
materials for the core and shells, permissible seepage, minimum practical width and design of filter 
layers, However, the thickness of the core at any level should not be less than the height of the 
embankment at that level, so that the average hydraulic gradient is less than unity. The practical 
width of the core at the crest of the dam taken may be about 3 m to allow placement and consolidation 
of impervious embankment material by trucks, rollers, dozers etc. The core may be located either 
centrally and vertically, or it may be axis sloping: both have their advantages 

Beas dam (India), an embankment of earth core and gravel shell, having a height of 132.59 m 
above the deepest foundation level and 100.6 m above bed level, is 1951 m long at the crest and has 
a crest width of 13.72 m. The impervious core is made up of blended clay, shale and sand stone 
material, having filter material and pervious gravel shell zone, on both sides (see also Chapter 19), 


* Provided that filter does not contain more than 5 per cent of material finer than 0,074 mm, 
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(v) Seepage through the dam and through foundation strata: ‘The amount of seepage may be 
determined by constructing a flow net which is a network of two sets of curves called equi- 
potential lines (lines of equal potential or head), and streamlines or flow lines, normal to equi- 
potential lines. The direction of seepage is always perpendicular to the equi-potential lines. The 
portion between two successive flow lines is called a flow channel (Fig. 8.16). The distance 
between flow lines is purposely kept equal to that between equi-potential lines, so that they form a 
set of approximate curvilinear squares, 


Equipotential tine 
0% Estine 


+ 





100% Equipotential 


~ ee | 


Flow lines 











Ne 


Fig.8.18 The flownet 


If N; is the number of flow channels in the flow net 
Nis the number of potential drops in it 

/ris the total head causing the flow, and 

‘cis the coefficient of permeability. 


then the discharge (seepage) g, through the flow net per metre width is given by 


fl 8.31 
iF (831) 

‘The upstream slope can be taken as a line of 100% equi-potential while downstream face and 
ground surface is an equi-potential line of 0%, If the dam has a horizontal/inclined filter, then the 
filter top is treated as a zero potential line. The top flow line, called the phreatic line is the seepage 
line below which the earth is saturated and positive hydrostatic pressures exist in the dam. The 
phreatic line has atmospheric hydrostatic pressure. On sectional clevation view of the dam, the 
phreatic line can be located analytically, graphically or experimentally. The flow-net patterns are 
dotermined more usually by electrical analogy set-up wherein the seepage through dams is simulated 
by the current through conductors, Thus, the Darey’s law governing the low of water through the 
soil is analogous to Ohm’s law governing the flow of electric currents through conductors. 
(vi) Equipment for the construction of embankment: Some of the various earth moving 
machinery and compaction equipment used in connection with the construction of an embankment 
dam are 

(a) Excavating equipment like scrapers, shovels, bucket excavators etc. 

(b) Hauling equipment like trucks, bell conveyors 

(c) Spreading machinery like bulldozers, graders 

(d) Rollers and other compacting equipment. 
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Compaction is done layer by layer, usually at or near the optimum moisture content of the soil. 
Coarse gravels are not compacted by rolling but by vibrating equipment. Rollers may be of the 
following types: 

(i) Pneumatic tyred rollers 
(ii) Sheep foot rollers 
(iz), Smooth wheel rollers 
(iv) Vibratingrollers 
(v) Trucks, lorries and dumpers. 





(vii) Stability of earthen dams: The most generally accepted method to check the stability of 
earthen dams is known as slip-cirele (or Swedish circle) analysis, It involves an assumption of a 
circular slide surface within the embankment and the foundation along which shear failure may take 
place, The analysis consists in calculating the shear stresses that would be necessary to prevent a 
slide along this failure surface and comparing them with the actual shearing forces that are available 
to cause the movement. In case the ratio of the two is greater than one, the dam can be called 
theoretically safe. In actual practice, due to the uncertain behaviour of the soil mass, the ratio may 

have to be kept to a minimum of 1,5. Such analyses have to be carried out for various conditions 
such as “during construction condition’, “reservoir full condition” and “rapid drawdown condition.” 

While the slip-circle method is in common use. the three main limitations of the method are as 
below: 

(i) Theanalysisis two-dimensional. The actual failure often has a three-dimensional character. 

(ii) The slide surface is an arbitrarily assumed surface. As a matter of fact, there is no reason 
why it has to follow any geometrical curve. 

(iii) A number of such slide surfaces have to be analysed to obiain a critical surface along 
which the safety factor is the least. In earlier days, this analysis was therefore quite 
cumbersome, With the availability of many packaged computer programmes now, this 
procedure has become simpler. 

Various improved procedures of analysing stability, other than the slip-circle method, have 
been tried in recent years and are described in relevant literature, The most promising amongst 
these is the finite element method, which consists in conceptualizing soil mass as an assemblage of 
discrete geometrical clements connected at nodal points and then analysing the structure for its 
clastic behaviour by numerical procedures 


Rockfill Dams 


Rockfill dams are embankment dams that rely on the fill of the rock pieces as the major structural 
element. Rockfill is achieved either by loose dump-ing or by hand-placing rubble or by vibratory 
compaction of rockfill in layers. Large rockfill dams are usually founded on rocky soil but the 
foundation rock need not be as strong as needed for gravity dams, Such dams are naturally earthquake 
resistant with a high degree of stability. It is probably for this reason that rockfill dams have been 
used more and more for very high dams, Nurek, the world’s highest dam (Tajikistan), is a rockfill 
dam. An essential feature of all rackfill dams is that, in order to retain water, there has to be an 
impervious and impermeable layer all along the length of the dam. Based on the type of this impervious 
layer. the rockfill dams can be classified in two main types, viz. 
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(Impervious membrane type, where the impervious layer consists of a membrane of 
concrete, asphaltic concrete or occasionally steel, placed on the upstream slope of the 
rockfill. The membrane rests on a rubble cushion of hand-placed stone, which in tum, 
reposes on the dumped rockfill as shown in Fig. 8.17(a)°, 








Impervious membrane 
Fubble cushion 


Dumped rock 


Rocky foundation 


(a) Impervious membrane type 





layers Earthen core 


Dumped rockfil Dumped rocktil 





(0) Earthen core type (Earth-rock) 


Fig. 8.17 Typical rockfil dams. 


(ii) The earth core type, where the impervious layer is in the form of a core of impervious 
earth in the body of the dam, Such a dam is also known as earth-rock dam [Fig 8.17(b)]. 
‘The earthen core may be central and vertical as in the earthen dams or unsymmetrical 
and sloping as in Kishau dam (Fig. 8.18). In such dams, the core is separated from the 
rockfill by appropriately designed graded filters on both sides. 

In earlier rockfill dams, there was, except sluicing, no worthwhile compaction procedure; but 
since 1960s, vibratory rollers of 10 tonnes or above have been used successfully for the compaction 
of the fill. The maximum size of the rock allowed would be governed by the transportation technique 
used, Pieces as voluminous as 2m* have been used in the past, the present practice is to use 
somewhat smaller stones, ‘The fines, in no case, are permitted. 

Membrane type dams are costlier than the earthen core type. Further, for heads greater than 
100 m, the membrane type is seldom considered as there is inadequate information about the 
membrane behaviour under high heads. The thickness of the concrete membrane is generally 
dependent upon the maximum head of water to be retained: it could be minimum of 1 per cent of 
the head, There is a nominal reinforcement of (0.5 per cent each way. 

‘The naturally-dumped rockfill has a slope of about 1.4 horizontal to 1 vertical, The downstream, 
fill slopes are usually kept at this slope or slightly flatter. ‘The upstream slopes are either equal or 
flatter (up to 1.75:1) for membrane types and may be as much as 2.5:1 for high dams with earthen 
cores. Modem rockfill dams are constructed by placing fragmented rock in horizontal layers just as 
in the case of earth dams. Zoning of the dam may be done if rock material with different properties 
is to be used. In such a case, lower-strength rock pieces are placed in the parts which are subjected 
to lower stresses. 








¥ Some examples of the membrane being within the body of the dam, rather than on the surface, are also 


available. ‘This type, however, is not very common. 
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For hand-placed rubble cushions in membrane type dams, care is taken to lay all the stones 
with stable surfaces and voids are filled with quarry spalls. The thickness of the cushion increases 
from 1.5 to 3 m at the top to as much as 5 per cent of the total height at the bottom, 

In earthen core types, the design of the earthen cores is on similar lines as in composite dam 
earth cores 

I the slopes of the rockfill are well protected, the rockfill dams do allow moderate amount of 
overtopping, which can sometimes be looked upon as an advantage. In such a case, the embankment 
sloping surfaces do need special protection and anchoring. 


ARCH DAMS 


Arch dams are curved in plan, arching between the two abutments of the valley with the convex. 
face on the water side, The thrust of water is resisted to a large degree by arch action alone (to a 
small extent by cantilever action also) and hence, the entire section remains ina state of compression. 
Since the weight of the dam is not called upon to withstand the water pressure, the overall bulk of 
an arch dam is much less than that of a gravity dam and, therefore, for high dams, there is a 
substantial saving in concreting. So as to give a general idea about the slendemess of such dams, 
Fig. 8.19 shows two typical arch dams designed by Andre Coyne, a famous dam designer. Tolla 
ddam (buttressed later) in Corsica is an 85 m high dam but its maximum thickness is only 2.43 m 
Le Gage dam (abandoned due to excessive cracks) in France had a maximum thickness of only 
1.35 m fora height of 3 

‘The Mauvoisin (Switzerland) arch dam with a 
height of 250.5 m is rated as one of the highest. 71 m 
concrete dams in the world and has a crest length radius to 
of 520 m, base thickness of 53.5 m and crest aer{eer on 
thickness of 12 m, Contracts have been finalized "45 
(2013) for a 315 m high arch dam for the 1,500 max thickness 
MW Bakhtyari hydropower scheme in Iran, which 
will be among the highest in this category 

Very high arch dam, which has stood the test 
of time is Visiont in Italy, the section of which is Fig.8.19 Twothinnestarch dams. 
shown in Fig, 8.20. 

‘Thomas has suggested the following (arbitrary) definition for the words thin, thick or arch 
gravity in the contest of arch dams 



















1.3m 


65m 
radius to 
water face 
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‘Thin arch thickness less than 0.2 h 

Medium arch thickness between 0.2 h and 0.3 h 
Thick arch = — thickness greater than 0.3 h 

Arch gravity thickness exceeding 0.5 h 


Generally, all curved dams where the base thickness is less than 0.6 h are classified as arch 
dams 

Previously, the arch dams were usually favoured for V-type gorge with the crest length to 
depth ratio being less than 4.5. As the valley widens, its main advantage of saving the concrete 
volume over that of the gravity dam diminishes. In recent years, however, arch dams have been 
built for somewhat wide valleys giving crest width/height ratios significantly greater than 4.5, 
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Cross-section Longitudinal section (Downstream view) 
Fig.8.20 Vaiontdam, 

Types of Arch Dam 

Arch dams can be described under three basic types: 


(@_ Constant radius arch dam 
(i) Constant angle arch dam 
(iit) Variable radius, variable angle arch dam. 

The constant radius arch dam has the upstream face of a vertical cylindrical shape with a 
circular directrix, The dam is looked upon as consisting of a series of stacked-up arches at different 
elevations, each of which has its centre on a vertical axis [Fig. 8.21(a)]. The arches are designed by 
the thin cylinder formula, The constant radius arch dams are relatively bulkier as the dam thickness 
increases uniformly with depth. 

‘The constant angle arch dams use arch radii decreasing with depth accompanied by the 
decreasing width of the valley towards the base. This modifies the shape of the dam and instead of 
vertical cylindrical surface on the water side, it introduces a double-curvature surface. This reduces the 
volume of the dam. As indicated in the next paragraph, when constant angle arch dams are designed by 
thin cylinder formula, they give the most economical central angle of 133 degrees [Fig. 8.21(b)]. 

The third variety of arch dams is a combination of the above two types and is such that neither 
the radius nor the central angle remains constant [Fig. 8.21(c)] 

Most of the current designs are of cither the second or the third type and the constant radius 
type is adopted very seldom, It may also be noted that although theoretically, according to thin 
cylinder formula, the most economical angle is 133°, in actual practice, there is very little material 
increase in the cost if the angle is greater or smaller even by as much as 20° degrees. Since smaller 
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Fig. 8.21 _Differenttypes of arch dams, 
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angles cause the arch thrust to be more nearly normal to the valley slopes, designs with smaller 
angles are to be preferred. 

Sometimes, arches with variable curvatures and radii that increase towards abutments are 
made use of as they improve stress distribution, In asymmetrical valleys also, such a design is more 
suitable 


Thin Cylinder Method of Designing Arch Dams 


‘One of the earliest methods of design is the cylinder method, This assumes the stresses in the dam 
section to be the same as in a thin cylinder. While calculating stress this way, the bending moments 
of the arch and cantilever are neglected as also the boundary conditions, 


Thickness of the arch: Let t be the thickness of the arch, r, the average radius, and the angle 
subtended by the arch at the centre be 20°, as shown in Fig, 8.22. At any depth #, the intensity of 
pressure p is expressed as 


P = wh, where w is the specific weight of water 


Since this pressure acts radially, the total horizontal hydrostatic force acting along the axis of 
the stream on unit height is given by 


p= wh2r sin @ = 2wh r sin ® (832) 
where 2r'sin 0 is the projected length from abutment {o abutment. This pressure force is balanced by 


the reaction of the abutments, Thus, if R is the reaction at each abutment then its component 
opposite to the direction of pressure force is 2R sin @ and as such, 


2wh r sin @ = 2K sin @ 
or R=whr (8.33) 





Equation (8.33) gives the maximum compressive force developed in the arch and is equal to 
the abutment reaction. The compressive stress induced in the arch, therefore, is 
R_whr 


ae 





(8.34) 





Fig.8.22 Analysis of arch dam, 
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Taking the allowable compressive stress for the material of the arch as /, the thickness of the 
arch is given by 
me eas 





Most economical angle: The most economical central angle for the arch dam is the one which 
requires minimum concrete for a given span, loading and stress. 
Volume V of the concrete per unit height with respect to Fig, 8.22 is given by V= 1.204 
where A is the cross-sectional area of the arch. 


And Act 
Also, ter (Grom Eqn. 8.35) 
Hence A=Cr (836) 





where C is a constant, 



























Therefore, V =120.Cr = 20.0? (8.37) 
Now, from Eqn, (8.20) sin @ = = 
7 
L 
or r 8.38) 
2sind om 
Substituting the value of r in Eqn, (8,37), we get 
v= 2ec{—4 cnet 
2sin@ 4 sin?@ 
‘Now for the minimum volume of concrete, we have 
Ww 
do 
Therefore, a 
or sin*@ = 26 sin 6 cos 8 
or tan @=20 
or 20 = 133° 34" (8.39) 





which gives the most economical angle. The value of 20, however, can be taken to be varying 
between 100° and 140°. 


Preliminary Design of a Double-Curvature Dam 


‘The USBR provides guidelines for the preliminary design of arch dams. From the structural height, 
H (a) and the chord lengths /., (straight line distance in metres at crest elevation between abutments 
assumed to have been excavated to sound rock) and 1. (straight line distance in metres at 0.15 
above the base, between abutments assumed to have been excavated to sound rock) the vertical 
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Fig.8.23 Preliminary dimensions of arch dam, 


section at the arch crown (known as the crown cantilever) can be described with reference to 
Fig, 8.23 as follows: 

(i) Thickness at crest 0.01 + 2L,) m 

(ii) Ty = {0 001ZHE,L, AM2)] m 


(iii) Thickness at 0.45 H 












Ty asin = 0.95 Tm 
(iv) Crown cantilever projections at crest 
USP = Maximum upstream projection = © 
DSP = Maximum downstream projection = T,, 
(v) Crown cantilever projections at base USP = 0.677, 
DSP = 0.337, 





(vi) Crown cantilever projections at 0.45 H 





Similarly, relationships for the volume of concrete, proportioning of cantilevers, etc., have also 
been suggested. These expressions are of use for the initial design of arch dams in all types of 
canyons, 

Modern Analytical Methods 
‘The thin cylinder theory is highly simplified and a very approximate approach to what, in reality 
complex structural problem, The state of stress in an arch dam is an integral response of the dam 
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as a whole to external loads and to foundation deformations. The thin cylinder completely ignores 
this aspect and treats the problem without considering the interaction between the arches. In recent 
‘years, some more sophisticated methods have been developed for the analysis of arch dams, The 
‘more important of these methods are described briefly, below 

Trial load method: In this method the load applied to the dam is supposed to be shared between 
the horizontal arch elements and vertical cantilever elements, in such a way that at each intersecting 
point of horizontal and vertical elements the deflections and rotations match completely. The procedure 
is essentially of trial-and-adjustment nature that is to be carried out in a step-by-step manner, It was 
developed by the United States Bureau of Reclamation. Initially, the different kinds of adjustments 
‘were oo cumbersome, but the application of electronic digital computers have considerably reduced 
the time and manpower required for this type of analy sis. 

Theory of shells: The method of treating the whole dam as a thin shell was first attempted by 
Toelke in 1938, [fall the variables involved are scrupulously considered, the differential equations 
based on the shell theory become very complicated and almost impossible to solve. Hence, a usual 
procedure is to adopt suitable simplifying assumption, For instance, theory of cylindrical shells 
could be extended to double-curvature surfaces as an initial approximation, The effect of vertical 
curvature could then be suitably incorporated in the solution. With the increasing use of computers 
more and more rigorous solutions are becoming popular. 

Finite clement method: This is a modern technique in structural analysis, The basic concept 
here is o represent a continuous, two-dimensional sy fem, asan assemblage of finite, two-dimensional 
flat elements, interconnected at a finite number of nodal points, The elements could be either 
rectangular (For cylindrical shells) or triangular (for double curvature shells), Analysis of this idealized 
structure can then be carried out by standard methods of structural analysis, This consists in, first, 
determining the stiffness of the individual elements and then superposing them to obtain total stiff- 
ness, Simultaneous equations based on the forces and displacements at nodal points can then be 
framed and solved, Finite element technique involves a large amount of computation and the method 
can become practicable only with a high speed digital computer. 

While all of the above methods are practically satisfactory, they do make little compromises 
with reality, Moreover, the interior openings in the dam, the degree of heterogeneity of foundations, 
the behaviour under thermal stresses are also the major factors which are generally approximated in 
such analyses, The physical model testing of arch dams also, although a sophisticated technique 
now, has its own limitations. Such developments, however, have tremendously increased the 
confidence of the dam builders in arch dams. 

Modern-day analysts deploy linear and non-linear dynamic analyses. The seismic designs also 
use three-dimensional non-linear finite element analysis. 

Some of the well-known arch dams of the world are Inguri dam (272 m) in Georgia, Sayano- 
Shushenskaya dam (242 m) and Chirkey dam (233 m) in Russia, Ertan double curvature arch dam 
(240m) in China, Mratinje dam (220 m) in Montenegro, Auburn dam (209 m) in USA, and Idukki 
dam (168.91 m) in India, Another famous and largest hollow body multiple arch and buttress dam, 
known as Daniel—Johnson dam (214 m) is in Canada and has an associated powerhouse known as 
Manicouagan 5 (1528 MW), The Karadj dam (Iran) (see Fig, 8.24(a)) is a double curvature arch 
dam having a thickness of 32 m at the base and 7.85 m at the roadway with a height of 177 m, 
Another double-curvature arch dam in Iran is Shahid Rajaee (Tajan) with a height of 138 m. Figure 
8.24(b) shows 775 m long Ertan double curvature arch dam (240 m) in China. 
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Fig. 8.24 (a) Karadj dam and powerhouse; (b) Ertan arch dam (Photo:EHDC, China). 


‘The only arch dam in India, so far, is the Idukki dam. Located in a narrow V-shape gorge, itis 
double-curvature, non-overflow structure having one of the thinnest sections in the world, with a 
base width of 19.31 m and a top width of 7.62 m. The length of the dam at the crest is 366 m and 


its height is 168.91 m (Fig. 8.25). Figure 8.26 shows a view of Oymapinar arch dam of 185 m 


height in Turkey. 
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Fig. 8.25 Downstream view of idukki arch dam, India (Photo: Venkatachalam), 





Fig.8.26 Top viow of Qymapinar arch dam, Turkey 
(Photo: Philip John @ Wikimedia Commons). 
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Arch dams that are thicker and have a substantial gravity action are known as arch-gravity 
dams. Sayano-Shushenskaya dam (which suffered heavy damages in its powerhouse in 2009 and 
was closed, but has been gradually resurrected: its part operation was started in 2012 with five new 
turbinesand was expected to take two years to be fully operational) is an arch-gravity dam with a 
height of 242 m, crest length of 1074.4 m, crest thickness of 25 m and base thickness of 105.7 m. 
‘The main advantage of the arch dam is that although a lot of skilled work is required, it needs much 
less volume of concrete as compared (o gravity dams, For example, for a 110 m high dam for 
Victoria in Sri Lanka, the arch dam concrete volume would be 0.55 M cu. m, as against the gravity 
dam concrete volume of 1.1 M cu, m, Gravity dams are generally 60% costlier than arch dams, 


BUTTRESS DAMS 


Buttress dams retain water with the help of sloping water-tight membranes which are supported on 
the rear side by a series of equidistant buttresses normal to the dam axis. Water pressure on the 
sloping deck is transmitted (o the foundations through these buttresses that act like columns, 
Buttress dams are much lighter than gravity dams. Also, foundation drainage or uplift are not a 
problem with these as only part of the foundation area supports the buttresses. Foundation treatment 
also becomes easier. Although the buttresses transmit concentrated loads to their footings, the overall 
requirements of the foundation are not as stringent as in case of gravity or arch dams. The dam is 
inherently stable against overturning and sliding due to the vertical component of the water pressure 
‘on the sloping deck. If the need so arises, the height of the dam can be easily raised subsequently 
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Fig.8.27 Flatbuttress dam, 


Buttress dams (flat slab type) usually need reinforcement for the deck stab as also buttresses 
and are also termed as RCC dams on that account, Their reinforcement costs balance against the 
economy in the volume of the concrete. Their construction is a specialized job needing special type 
of framework and expert supervision. Buttress dams have been built up to a height of 150 m. 
A notable example is Alcantara II dam in Spain, which has a height of 133 m. 
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Types of Buttress Dams 


There is a large variety in the design of buttress dams. These are described here below: 

@ Flat slab or Ambursen dam 

In this type, the deck slab slopes at an angle of nearly 45° and rests freely on buttress heads, The 
thickness of the slab is governed by external loads. The quantum of reinforcement needed depends 
‘upon the moment of resistance requirements of the slab. 

(ii) Multiple arch dam 

In this type, the buttress heads are spanned by arches instead 
of a flat deck. These arches behave as water-retaining 
membranes stretching across the length of the dam (Fig. 
8.28), If the arch is semi-circular in plan as shown in the 
figure, there would not be any lateral thrust on the buttress. 
(Even in the non-semicircular arches, the lateral thrust by the 
two adjacent arches would always be balanced under 
conditions of equilibrium), The arches do not need any 
reinforcement as they would be in a state of compression. 
The highest multiple arch dam, Daniel Johnson dam, is in 
Canada which is 214 m in height. Fig 0:28 Plan of ratiphearchos, 
(i) Solid-head buttress dam 

In this type, the buttress head itself is enlarged to the shape ofa bulb. All such solid heads abutting 
cach other create a water-retaining surface (Fig. 8.29). The massive heads are in a state of compression 
and do not need reinforcement, The face slope is of the order of 60° to the horizontal 





‘Multiple arch dam 
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Fig.8.28- Round-head buttress dam, 


(iy) Cellular or hollow gravity dam 
This is much similar to the solid-head buttress dam and can be described as a hollowed out gravity 
dam. Its upstream face is either vertical OF — fiexible water 
inclined. tight seal Access 

Figure 8.30 shows a part plan of a hollow 
gravity dam. The 196m high (above foundation) 
‘main Iaipu dam on Parana river and wing dams 
‘on both sidesare hollow gravity, concrete buttress 
dams, The main dam is constructed as 16 blocks 
of 34 m width, each comprising two buttresses 
with a base length of 273 m and a height of up to Plan 
196 m, This is presently the highest hollow gravity 


Buttress spacing 


Ventilated cavity 


Fig.8.30 Sectional plan of callular buttress dam, 





dam in the world, followed by 129 m high 
Huanzen in China, This dam has established 
that hollow gravity dams could be a technically 
feasible alternative to embankment, arch or 
gravity dams up to a height of 196 m, Such 
dams are also known as Marcello type buttress 
dams. 

In Pakistan, a buttress dam is built as a 
part of Tarbela project complex. In India, there 
is no standing buttress dam, although remains 
of an old multiple arch dam near Hyderabad 
can be seen. 

Design of the buttress for all the types F10-8.31  Idealized section ofa massive-headbuttress 

dam with isochromatios due to hydrostatioloading, 
(Courtesy: ental Water and Power Research Station, 
Pune, India) 





discussed above is somewhat similar to that 
ofa gravity dam: only, the buttress being high 
and slender, has to be checked against lateral 
buckling also, When designed as inclined columns, the buttresses could have an open type structure. 

Buttress dams are not likely to provide competition to arch dams or embankment dams at sites 
that call for very high dams 

Photo-elastic analysis of buttress and arch dams is an important tool in stress analysis, Figure 
8.31 shows an idealized section of a massive-head buttress dam with isochromatics due to hydrostatic 
loading. 


ROLLER-COMPACTED CONCRETE (RCC) DAMS 


Construction technique in concrete dams has been completely revolutionized since 1974 when 
roller-compacted concrete (RCC) dams using cement and pozollana came to be developed and 
became popular because of their advantage of saving in time and in cost 

The technique was first employed in Pakistan, when a section of Tarbela dam used roller 
compaction for a volume of | M m® of concrete. Willow Creek, USA was the first dam which was 
fully built of roller-compacted concrete in the year 1983, Today, there appears to be no limit to the 
size and height of any dam built in RCC, By the year 1995, about 150 RCC dams (including 26 in 
USA. 17 in Spain, 8in Brazil, 9 in South Africa, 24 in China and 24 in Japan) had been built, showing 
their popularity throughout the world. RCC arch/gravity dams—Knellpoort and Wolwedans—were 
constructed in South Aftica in 1988 and 1989, respectively and were the pioneers of this type 
Countries like Angola, Colombia, Argentina, Turkey, and Jordan do have such dams now. The 








Longtan RCC dam in China has a height of 217 m and volume of 7.67 M m’, Miel-l dam in 
Colombia, having a height of 188 m uses 1.7 M m° of concrete. Amongst the advantages of using 


RCC, the most important is the speed with which the dam can be constructed. The other advantages 
of using this technique include economy and good performance, The strength and durability of 
conventional concrete are achieved at a much lower cost, besides high speed of construction. A. 
100m high dam can be constructed in one year anda 150 m high dam in two years. The compressive 
strength of RCC ranges between 281 and 703 kg/cm?, flexural strength between 35 and 70 kg/cm? 
and modulus of elasticity between 2.1 and 3.9 kg/cm”, Further, variation in the mix quality, time 
and cost could be possible to some extent, although very careful planning, design (particularly for 
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avoiding the problem of cracking) and attention to details are needed, For dams higher than 100 m 
where base widths vary between 50 m and 80 m, care needs to be taken to control heat development. 
\ithin the body of the dam to avoid temperature related cracking. Adoption of RCC technology for 
coffer dams is particularly advantageous, Countries like USA, Spain and Japan have taken a lead in 
building dams using this technology 


Table8.2 Some RCCdams 


























S. Name of dam & country Height RCC volume 
No. m mi 

1 Longtan, China 27 7,670,000 

2 Pangue, Chile n3 740,000 
3 La Miel L, Colombia 189 1,700,000 





RCC dams have cement and porollana, sand and coarse aggregates, but it varies in its properties 
depending upon the content of cement and pozollana (C + P. 
‘The American Concrete Institute (ACI) has standardized the following terminology for RCC in 
terms of its cementations content (C’ + P) as well as strength 


Table8.3 ACI standardization 








S.No. Type +P (Nm) ‘Strength (Nem?) 
1 Low content 500 900 500 ~ 1500 
2 ‘Medium content 800 1250 1100 2100 
3 High content 1200 -2500 1750 —3150 




















‘The pozollana or fly-ash in the roller compacted concrete delays the setting action and minimizes 
the heat of hydration, It also has a water reducing effect, The heat of hydration produces initial 
expansion and subsequent contraction in concrete and may have a causative effect on crack formation, 

The fly-ash or pozollana content could vary from as low as 2% to as high as 60%, As an 
extreme example, in Stage Coach dam pozollana was not used at al. 

RCC needs high mixing and placement ratesas well as quality equipment for mixing. tansporting 
and placement. 

Though in the initial years the maximum size of coarse aggregate was pretty high—as big as 
150 mm—today itis accepted up to 50 mm. Lifts up to a depth of 500 mm with widths of up to 10 
m in size are constructed at a time. 

Vibratory rollers are normally used for roller compaction. 

Ordinary Portland cement can be used provided it is low-alkaline. The saving in cement content 
with the use of RCC is substantial, sometimes up to 70%, 

AL the beginning of new lifi, it becomes necessary to have a correct jointing action with the old 
placement, otherwise the bonding between lifts may be insufficient, putting the homogeneity of the 
dam under doubt. Transverse joints are 50 m apart. These are contraction joints 

Ghatghar dam on Pravara river at Shahpur in Maharashtra was the first RCC dam in India. It 
has a height of 86 m and uses 650,000 m° of concrete. It was built in 2005-6 and constructed 
within 376 days, 
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CONCRETE-FACED ROCKFILL DAMS 


Concrete-faced rockfill dams (CFRD) are essentially zoned rockfill-embankment dams sealed on 
the upstream side by a thin concrete slab, beneath which the face support and transition zones are 
provided. They are watertight above the ground due to the concrete slab, the perimetric joint and 
the plinth. CFRDs have been used with greater frequency and to greater heights beginning 2000, 
‘The developments leading to this progress are mainly the development and use of the smooth drum 
vibratory roller and design improvements in the cut-off to the foundation and concrete face slabs 
and joints, besides they being more economical too. Construction of CFRD is better suited in 
locations where a rock foundation is available close to the plinth area, and where suitable core 
material may not be available, but rockfill is plenty 

‘The advantages associated with such dams are many 

(}) The ancillary works are shorter than in the earthfill dams, 
(i#) Settlement of rockill is relatively small and the rockfill is stable even without a face slab, 
(iii) Multistage construction of the rockfill embankment is possible, 
(iv) A reduced magnitude of diversion flood during construction can be adopted by permitting 
overtopping of the rockfill for small duration, 
(v) Grouting can proceed simultancously with the placement of the rockfill, 
(vi) The face slab construction can be done faster and economically by slip forming, 
(vii) Drainage galleries in abutments are not required, 
(viii) ‘The parapet can be erected on the crest and connected to the face slab, and 
(ix) Only the plinth requires hand-work during foundation clean-up. 

Another advantage is that the high friction angles achieved with compacted rocks and gravel 
fills and the absence of an impervious zone with high pore-water pressures during rapid drawdown 
enables designing the dam body with steeper slopes and reduced volumes, the latter contributing to 
economy 

From this, it follows thatthe plinth for the CFRD is required to be designed carefully where the 
rock is of poor quality, while the joints, waterstops and scals on the joints need special attention, 
besides good design. The perimetric joint connecting the face slab with the plinth (toe slab) is a 
critical clement of the dam. The face slab is in biaxial compression and with no pore pressure and 
‘smaller settlement of the rockfill, the CFRD is more resistant to seismic loading. However, seismic 
hazard and risk analysis must be carried out for safety. Grout curtains are mainly used in rock, 
while the diaphragm walls are preferred in soil. In embankment dams on soils or on pervious rocks 
the diaphragm walls are used as sealing elements, Initially. these were made of ordinary reinforced 
concrete, but these days plastic concrete is preferred. The upstream side slope of the embankment 
is generally kept about 1 4H:1¥V and the downstream slope about 1.5H:1V as in all Turkish dams 
(except for Marmaris dam having both slopes of 1.6H:1V). 

Some of the well-known CFRDs include Foz do Arcia (1.60 m high) and Xingo (150 m high) in 
Brazil; Alto Anchicaya (140 m high) and Salvajina (148 m high) in Colombia; Cethana dam (110 m 
high) in Australia; Aguamilpa (187 m high) in Mexico, which is the highest CFRD (built with gravel 
and rockfill) in operation in the world: Santa Juana and Puclaro (113 m high) in Chile; Tian Shen. 
Qiao I (178 m high) in China, the highest CFRD in operation in Asia and the second highest in the 
world presently; Ita (125 m high), Machadinho (125 m high), and Itapebi (120 m high) dams in 
Brazil; and Torul (155 m high) and Kurtun (133 m high) dams in Turkey 
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Some notable CFRDs in the world include 185m high Barra Grande and 202m high Campos 
Novos CFRDs in Brazil; Karahjukar (196 m) in Iceland; El Cajon (188 m) in Mexico; Mohale, 
Lesotho (145m high), the highest CFRD in Africa built in basalt; the 205m high Bakun dam of the 
Bakun project (2520 MW) in Bomeo, Malaysia, which is Asia's second highest and one of the 
highest CFRDSs in the world: and Shuibuya dam (1600 MW), China, which at 233 m height, is the 
highest CFRD in the world. 

The first CFRD in India, which is 56m high and 250 m long at the dam top, has been 
constructed for the Dhauliganga hydro-electric project stage-I (280 MW) in Uttarakhand State 
There are proposals for CFRD in other projects also, The proposed Kishanganga project (3 « 110 
MW) will have a 37 m high CFRD to generate power using 697 m gross head and Pelton turbines, 
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Fig.8.32 Main partsof a OFRD. 


Figure 8,32 shows the main parts of a CFRD. The foundations, including the plinth area, the 
face slab, the joints and waterstops, parapet wall connected to the slab, and various zones for the 
placement of different types of material are the important segments of a CFRD. 


Face slab thickness 
The variable thickness f of the face slab in metres is normally determined as ¢ = 0.3 + 0,002 H, 
where His the head of water representing hydrostatic pressure, The slab thickness varies, It has 
been observed that the hydraulic gradient becomes critical when the hydrostatic pressure exceeds 
acertain dam height. The hydraulic gradient for dams higher than 125 m increases at a more rapid 
rate than the traditional slab thickness computed by the above formula, The hydraulic gradient 
curve increases with the dam height. Thus, depending upon the situation, the above formula can be 
appropriately modified, for example, to = 0.3 + 0,003 H (as in Kurtun and Torul dams, Turkey: 
Dhauliganga dam Stage-I, Uttarakhand, India: and all Korean dams), or {= 0.3 + 0,004 H (as in 
some other dams), or (= 0.0045 H (for heights greater than 120m, as in Barra Grande and Campos 
Novos dams, Brazil) 

Increasing the slab thickness, concrete strength and reinforcement at the lower portion of the 
face slab can take care of the tensile strain, if it is found to be more than 0.0001, Use of pozzolanic 
coment with increased strength increases the modulus of elasticity. The face slab thickness of the 
Dhauliganga CFRD has been kept at 0,3 + 0,003 1 with reinforcement provided in each direction 
at 0.35% of the cross-section of concrete. The face slab is directly connected with the right side 
retaining wall between the dam and the spillway 
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Foundation 
‘The foundation has the following parts: 

1. Plinth foundation 

2. Embankment foundation 

3. Transition foundation between the two (non-differential deformable base) 
Plinth 
‘The purpose of the plinth is to connect the face slab with the rigid rock, to act as a grout cap during 
grouting, and to provide a starting position for the concrete face slab slip-forming equipment. The 
plinth also provides a watertight connection between the face slab and the plastic concrete cut-off 
wall, if provided, as in the case of Dhauliganga (India) CFRD having alluvial foundation material 
extending to a depth of 50-G0 m below the bed level of the river. Width of the plinth “w” in metres 
is normally calculated from the relation 

w= KH, where K is an empirical factor varying between 0.05 and 0.125, and H is hydraulic 

head in metres. Thus. 

w= 0.05 H for fresh rocks, and 

0.125 H for weathered groutable rocks 
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Fig. 8.33 Atypical section of Dhauliganga CFRD 
(Source: waw.poyry.comilinked/services/pdl/97.pdt), 


The minimum width of the plinth should be 2 m for dams less than 25 m high and 3 m for 
higher dams. The concrete for the plinth should be highly durable and of low permeability, used 
with 0.3% reinforcement steel anchored with grouted dowels. Empirically, the reinforcement to be 
provided is in the range of 0.4~-0.5% of slab cross-section for vertical bars and 0,30-0.35% for 
horizontal bars. When the plinth is on sound rock its thickness should be at least equal to that of 
face slab, with a minimum of 300 mm for lower dams and 500 mm for higher dams. Figure 8.33 
shows a typical plinth section where it meets the face slab. The orientation of the plinth apron 
should be such that the apron contours are normal to the plinth line as well as to the dam axis and 
‘the alignment be such that it allows the concrete slab to pull away from the plinth and move 
downstream under the load of water. Recently, some Brazilian and other dams (Babagon, Malaysia; 
Ita, Barra Grande, Machadinho, alin Brazil, Caracoles, Argentina) have adopted a constant external 
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plinth of 4S metres with an internal slab of required length to ensure an adequate hydraulic gradient, 
In general, the plinth is designed with practical gradients and according to the geology of the area. 
In the Dhauliganga dam, India, the plinth consists of 3 independent slabs of 0.5 m thickness and a 
width of 2 m each, separated by longitudinal joints, Reinforcement is provided in each direction at 
03%, The length of the plinth of 200 m on alluvium is divided by transverse joints at every 10 m. 


Parapet Wall 

Itis connected to the face slab and acts as a barrier against waves, safeguards the crest and helps 
10 create freeboard. It also helps access during the construction of face slab, The parapet walls can 
cither be constructed or can be pre-cast. The CFRDs can be raised by adding/constructing a 
parapet wall, The height of the parapet wall is generally kept up to 6-7 m., although walls as high as 
8.5 m have also been constructed. While designing, the stability of the wall should be checked 
against shear and overturning, The seismic loads need to be worked out, as maximum movement 
in an earth dam takes place at the crest during an earthquake. 


Waterstop Joints 
‘The materials used for the waterstop joints are PVC, stainless steel, and copper. The material for the 
plinth waterstops is generally rubber, or copper and rubber. For the protection of possible leakages 
in Dhauliganga dam, bitumen graded sand mixture has been used in all longitudinal and transverse 
joints in the plinth, the perimetric joint between the face slab and the plinth, and the joint between the 
plinth and the cut-off wall, Together with this, further protection of hypalon band at the top of the 
joint anchored to concrete through steel angles has been provided by a300mm wide PVC waterstop 
in the centre of the joint, a 0.8 m thick copper waterstop at the base of the joint, and a pad made of 
bitumen-graded sand mixture at the base of the joint 


ROCK-FILLED CONCRETE (RFC) DAMS 


Rock-filled concrete structures are made by using “self-compacting conerete” (SCC). Large blocks 
of rock of about 30 em width are poured into ready-mixed SCC to produce the RFC. SCC fills the 
void between the blocks due to its good fluidity, producing the RFC mass on setting. The RFC 
technology was developed in China in 2003 and has now been used in several hydraulic structures 
in that country. though the technology is still under perfection. After various tests, it has been found 
that RFC possesses all the required properties to be used as a material for dam construction and can 
save considerable costs without environmental degradation, RFC was used in part of (}) an upper 
reservoir auxiliary dam of Baoquan PS plant in Henan province of China in 2006, (i) for a 44.9 m 
high arch dam in Guizhou province and (ii) for a 38,3 m high gravity dam in Shanxi province. 
Self-compacting Concrete 

Itis the concrete that is able to flow under its own weight and completely fill the formwork, while 
maintaining homogeneity even in the presence of congested reinforcement, and then consolidate 
without the need for vibration compaction. Self-compacting concrete was developed in Japan in 
1986, Japan and European countries have extensively used SCC in highway and bridge construction, 
In the US, the SCC is used widely for pre-cast / pre-stressed concrete constructions. Cast-in-situ 
concrete construction with SCC has also seen speedy work in tight space and with congested 
reinforcement, such as drilled shafts, columns and earth-retaining systems. China has also used 
SCC in preparing rock-filled conerete in later dams 
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SCC consists of the same components as the conventionally vibrated normal concrete, viz., 
cement, aggregates, water, additives and admixtures. However, in order to develop special properties 
like Muidity, self compaction, viscosity and lubrication for better workability, some amount of 
‘superplasticizer’(like Glenium 51), viscosity agent and powder content is added. Such powder 
consists of particles smaller than (0.2 mm, which may include some fine aggregate, cement, fly ash, 
limestone powder, blast furnace slag, and silica fume. These admixtures are typically high-range 
water-reducing (HRWR, or superplasticizing, like polycarboxylatether or carboxilated copolymer- 
based mixture) and viscosity-modifying admixtures (like a modified cellulose product), High dose 
of HRWR produces a mix with high uidity and allows for a reduced water-powder ratio, Since the 
viscosity-modify ing admixture enhances the viscosity of the mixture, it reduces aggregate segregation, 
settlement, and bleeding. The slump flow of SCC should preferably be greater than 650 mm. The 
SCC is characterized by its Nuidity as measured by flow (typically between 700-750 mm) rather 
than slump, i., when the slump cone of the testing equipmentis lifted and the sample has collapsed, 
the diameter of the spread is measured rather than the vertical distance of the collapse. 

By adjusting the aggregate content and using a combination of chemical and mineral admixtures, 
the behaviour of the self-compacting concrete mixes changes significantly compared with standard 
concrete, The content of cement, which acts as a hydraulic binder, is relatively high (about 500 ka/ 
m’) in the concrete. The ratio of fine-to-coarse aggregates is also increased. with fine aggregate 
constituting 50% or more of the total aggregate, Filler materials are often used for replacing some 
of the aggregates and modifying the viscosity, Fine fillers, such as ground limestone, may be used 
in addition to cement, Fly ash is often included in SCC because of its water-reducing property 
Proportions and nature of the finer materials, cement, additions such as fly ash, fine aggregate, et. 
can havea significant bearing on the final concrete mix. The resulting mix, when properly designed, 
should be self-compacting or self-placing, have reduced or no segregation of the coarse aggregate 
particles within the mortar matrix and the mortar should be able to flow around the form work and 
the reinforcement, expelling entrapped air using its own self weight. 

‘Compared with the conventional concrete, the SCC has a lower E-modulus, higher shrinkage, 
and greater rate of creep. The bonding behaviour of the SCC with the reinforcement stec! is also 
better than with the normal concrete, The technology of SCC helps in conserving energy, since 
there is no requirement of electricity or deployment of labour for compaction of concrete by 
vibrators; it also provides opportunity to use the by-products such as fly ash and quarry dust. SCC 
is compacting by itself due to its self-weight only and is de-aerated almost completely while lowing 
in the formwork. The SCC can be produced by using powder content only, by using viscosity 
agent, or using both of them, although all the three methods work well with an increased amount of 
superplasticizer. The SCC produced by the above three methods is called powder type, viscosity 
agent type, and combination type 

However, SCC also has its limitations. One of the most significant one presently is the apparent 
lack of established reliable test standards that can quantify physical properties of SCC as well as 
uniform standards for quality assurance, although a Self-compacting Concrete European Project 
Group comprising five European organizations proposed guidelines on (specification, production 
and use) in May 2005. Cost-wise SCC is more expensive (by about 20%) than the normal vibro- 
compacted conerete for the same compressive strength on account of higher material cost of 
admixture, cost of testing concrete and aggregates for quality control and longer mixing and finishing 
time, If viscosity-modify ing admixture is not used, the mixture tends to segregate. Also, because of 
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SCC’s high Mluidity, grout leakage could be a problem in forms that do not completely seal. Itis not 
suitable for use in every concreting application. 


INFLATABLE DAMS 


Inflatable dams are made of air-filled tubes of laminated rubber and nylon material in 10-25 mm 
thickness (depending upon the height of the dam), clamped to a concrete sill. These are best suited 
in situations where the width-to-length ratio is typically greater than 5, The maximum height of 
\ater that can be retained is about 6 m, while the smaller dams may haye as small a height as 0.4 m, 
‘The span lengths may vary up to 200 m, 

These are flexible and environmental-friendly and functionally similar to small weirs, They are 
also used for maintaining minimum water levels in navigable reaches, Such dams can have storage 
capacity of 50 to 100 M cu. m, 

Inflatable dams are made of a neoprene or chloroprene membrane with a layer of woven 
polyester reinforcement. The neoprene membrane serves as the skin of the bladder which can be 
inflated, usually by air (occasionally water also is used) to serve as.a barrier or dam in order to retain 
ater, Most of such dams are 14 m high (when inflated) though it has a feasibility to be designed 
up to generally a height of 6 to 8m maximum, When the retained water needs to be lowered, one 
can deflate the weir and thus lower it, The volume of the bladders can be as much as 10-11 m* 
capacity and the internal pressure to achieve a weir height of | m is 0.5 m of water column. The 
internal air pressure is low and varies between 7 and 55 kPa gauge (1-8 psi). The dams may be 
inflated by a low-pressure, high-volume compressor (blower) and emptied through valves. A set 
pool elevation or a pre-determined air pressure inside the dam can be maintained with the help of an 
‘automatic control system which operates the blowers and exhaust valves. In its fully deflated form 
the rubber tube rests flat on the conerete foundation. 

Inflatable dam was invented in the year 1955 by Prof Mesnager in France. Firestone, a tyre 
manufacturing company and Japan further developed the concept to what itis today. In the 1970's 
Firestone used ethylene-propylene diene monomer (EPDM), a highly tough rubber compound, for 
remotely operated air-filled dam for water control. In 1978, Firestone’s parent company. Bridgestone 
Corporation, installed its first rubber dam, It consisted of'a nylon reinforced (EPDM) rubber body 
secured to a concrete foundation with an anchor mechanism, The body can be inflated with the 
help of a blower, so that it rises to serve as a barrier, When deflated through an exhaust valve, the 
body lays flat on the foundation permitting free flow. In view of its flexibility in maintaining the 
upstream levels it has many uses such as increasing the capacity of existing dams, Over 1000 of 
such dams for various purposes (tidal barrier, hydro-power, irrigation, water supply, groundwater 
recharge, flood control, etc.) have been installed in more than 20 countries. 

Kurotani power station (19,6 MW) in Japan uses one of the world’s largest inflatable (air) 
dams, 6 m high and 34.5 m long with a volume of 1400 m*, Made up of 16mm thick chloroprene 
rubber, this inflatable dam allows for a flow rate of 31.8 cumec when deflated. A manhole entry is 
provided to gain access to the inside of the rubber body. Popularly known as “Sumigate” these dams 
from Sumitomo Electric, Japan can be fixed with easy-to-install clamping system. Presently, Ramspol 
(The Netherlands) project uses the biggest rubber dam in the world as storm barrier which is 8.2. m 
high and 60 m long G spans). 

At Wolkenstein in Germany, an inflatable weir, 0.6m high is installed on top of an existing weir. 
A large number of inflatable rubber dams have been used in USA 
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In Bangladesh, two inflatable rubber dams have been installed. The dam on river Bakkhali is 
84 m long with a height of 3.5 m. Volume of the inflated dam is 1200 m*, The other rubber dam 
(Idgaon) is 52 m in length and 3 m high (see Fig, 8.34), Shell thickness of this dam is 6 mm, as 
against 7mm for Bakkhali dam, 





Fig.8.34 Rubber dam at Idgaon, Bangladesh, 


In India, a 10 mm thick pre-fabricated rubber dam has been erected in Andhra Pradesh by 
Hydroconstruct of Austria at a cost of € 5 crore. This is reinforced with three layers of nylon mesh 
and is said to be bullet-proof. The rubber dam is 60 metres long and 3.5 metres high, storing 17 M. 
cu, m (0.6 meh). 


FAILURES AND SAFETY OF DAMS 


Failure of a dam can be catastrophic, and can result in considerable damage to property and loss of 
life, besides causing power failure in the region aver long periods, India has had two failures—one 
that of an earthen dam called Panshet (in Maharashtra state) in 1961, and the second, Machhu dam 
in Gujarat state in 1979. Both caused large scale loss to property and lives, The International 
Commission on Large Dams (ICOLD) has prepared a world register of dams which lists 13.361 
failed dams. The actual figure is likely to be much higher as many dams are not included due to non- 
reporting of the concerned authorities. After the failures at Malpasset and Vajont dams in Europe in 
early sixties, the other dam failures have been Panshet (India), Machhu (India), Teton dam (USA), 
Tous dam (Spain). These were major disasters in those countries. Hence, the safety of the dams 
has become one of the main concerns for dam engineers. 

Ithas been analy sed that the following design/construction/operational/natural/human factors 
can fail a dam, partially or fully 


(i inadequate capacity to pass the floods or the malfunctioning of spillway/sluice gates; 





248 | Wire Power Bone 





(ii) high degree of seepage, resulting in the erosion of foundation area or causing greater 
uplift forces; 
(iit) large settlements in the embankment height or of the foundation levels; 
(iv) seepage along the outlet surface resulting in an internal erosion, 
(”) non-homogencous foundations giving rise to relative settlements; 
(vi) liquefaction of soils in embankments, 

(vii) cracks due to extreme condition of stresses in the body of the dam 

(vill) unserviceable outlet works: 

(ix) failure of the rocky strata in the valley due to water pressure (as in the ease of Vajont 
dam) 

(@) earthquake effects and wars; 

(x) faulty operation of the reservoir, improper maintenance and inadequate monitoring of the 
dam. 

(vii) harmful vegetation and animal burrows: 

(vii) damage to upstream slope protection surface in earthen dams. 

According to the ICOLD criteria, out of some 1,50,000 dams in the world with heights between 
10 m and 30 m, about 35,000 can be categorized as large. Of these, 90% are embankment dams 
having non-gated spillways. Overtopping due to insulicient spillway capacity has been the cause 
of failure of more than 50% of the failure cases, followed by piping, 

Of the four major dams quoted earlier, both Panshet and Machhu (India) were overtopped, 
‘Tous dam in Spain (71 m height) failed in 1982 due to the failure of operators to open the flood gates 
in time and Teton dam in USA (95 m height) failed in 1976 duc to inadequate/faulty treatment of the 
foundation fissures, resulting in unforeseen seepage through the foundation area, Other notable 
dam failures are; Pardo dam (Argentina) and Hell Hole rockfill dam in USA (1964) during the 
construction stage due to erosion of embankment material; San Luis dam (USA) had partial failure 
in 1981 due to bank slide, believed to be due to high pore water pressure; and Palagnedra arch-cum- 
embankment (Switzerland) in 1978 due to overtopping, All these examples indicate the importance 
of dam safety, US Corps of Engineers in their nationwide survey of dams concluded that as many 
as 2000 small and large dams in the USA were unsafe in some way or the other, more than 80% of 
which due to inadequate spillway capacity alone 

The issue of dam safety is a complex one. The following guidelines, however, are helpful in 
improving the safety factor: 

(i) Careful and comprehensive investigation of the foundation geology and soil/tock mass 
properties, using modem methods of exploration, In soil strata, liquefaction potential 
needs to be assessed. 

(ii). A thorough investigation of flood hydrology and flood probability and its risk of occurrence 
during (a) the construction and (b) the entire life of the dam. 

(it) Provision of adequate spillway capacity and bottom sluices and an emergenc: 

which can function as a fuse plug. 

(iv) Strict operating rules for spillways and sluices and rigid enforcement of these rules 

Frequent inspection of gates and a preventive maintenance programme. 
(v) Proper and well graded filters for earthen dams and adequate foundation treatment forall 
dams. 

(v) Periodic checks for undue or uneven settlement; 


spillway 
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(vii) Competent design using modem methods of analysis and well planned rational stages of 
construction 
(viii) An independent quality control directorate during construction period and well-defined 
norms of acceptance criteria to ensure compliance. 

(ix) Proper and automatic recording of instrumentation and continuous monitoring of the 
structural behaviour of the dam. Among the dam monitoring instruments are vibrating 
wire piezometers, settlement monitors, joint meters, crack meters, concrete strain gauges, 
soil deformation gauges, foundation extensometers, total pressure cells, ete 

(x) Laboratory and in-situ testing programme of rock masses and interpretation in case ofall 
dams other than embankment dams 

(xi) Careful design of filters in embankment dams and investigation regarding dispersion of 
clayey material of embankment core. 

(xii) Setting up rules for meeting emergency situations and catastrophic natural phenomena 
such as flash floods, landslides and earthquakes 

(viv) Inspection by an expert committee to ensure safety ofall existing and under-construction 

dams, 

It has to be realized that the matter of dam safety is as important as that of designing and 
building a dam. In India, an official body called “dams safety service” has become functional in 
recent years. A lot, however, remains to be done. COLD has been instrumental to a large extent in 
creating awareness in this respect among dam builders 


REHABILITATION OF DAMS 


Due to adverse climatic and environmental influences, the upstream face of a dam does not remain 
adequately impervious and may also develop cracks (due to shrinkage or cooling of concrete), 
Secondly, the materials that are used to impart impermeability age with time substantially and their 
quality is impaired. Consequently, infiltration can begin to take place through the upstream face. 
elficiency of the drainage system is reduced and the uplift may also increase, As a result, the 
stability of the dam could get endangered, Rehabilitation of the dam in such a situation is necessary 
Various structural measures, for example, cement grouting and/or construction of a concrete wall 
can be adopted for this purpose. A somewhat modern method involves a complete watertight 
synthetic geo-membrane on the upstream face of the dam, together with a good drainage system 
behind it, where any accidental seepage through the membrane, accumulating between the liner and 
the dam body is drained by the system. Several dams in Europe have been rehabilitated using the 
PVC geo-membrane technique. Gorghiglio dam (Italy. rockfill, 1942), Sa’ Forada (Italy, earthfil, 
1962), Alpe Gera (Italy, gravity, 1964), Chambon (France, gravity, 1942), La Girotte (France, 
multiple arch, 1948), Balambano dam (Indonesia, roller-compacted concrete, 1997), and Concepcion 
dam (Honduras, roller-compacted concrete, 1990) are a few instances in which a PVC geomembrane 
has been used successfully for rchabilitation, Geomembranes have also been tried with good success 
for underwater repairs and in multiple ayers, together with vertical stainless stee! strips asanchorages, 


MULTIPLIER EFFECT OF DAMS 


Water resource projects including multipurpose dams incur large investments. In addition to the 
direct benefit available from these for which these have been constructed (such as hydro-power, 
irrigation etc.), they also generate a substantial economic impact in their region and at national level. 
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Thus, the impacts of hydro-power projects and other similar projects are both direct and indirect. 
‘The indirect impacts are called multiplier impacts, It is, therefore, necessary that in the ex-post and 
ex-ante evaluations of these projects, not only should direot impacts (such as hy dro-power, irigation, 
water supply, flood control) be included, but also other indirect economic, social and environmental 
impacts (such as income distribution and poverty. change in yields, production technology, linkages 
between direct effects and the rest of economy). 

‘The World Bank carried out a multi-country study in 2003 to evaluate the multiplier effects and 
income distribution impacts of some selected multipurpose dams, These were Sobradinho dam and 
cascade of reservoirs (hydro-power, 10.5 GW. irrigation 3,30,000 ha) in Brazil, Bhakra dam (hydro- 
power, 2880 MW, 14 billion kWh annual output, 7.1 M ha additional irrigation) system in India, and 
Aswan High Dam (hydro-power, 2100 MW, annual output 8 billion kWh, irrigation 350,000 ha) in 
Egypt. It was found that the multiplier value for the Brazilian project was 2, for the Aswan project 
it was 1.4 and for Bhakra project it was 1.9, This means that for every one rupee value added 
directly by the Bhakra project. another 90 paise were generated through indirect effects 


ILLUSTRATIVE EXAMPLES. 





Example 8.1 


Find the minimum safe width for an elementary triangular profile of a gravity dam of 20 m height 
‘Neglect all other forces except the self-weight, hydrostatic pressure and uplift pressure. Assuming 
the specific gravity of the dam material to be 2.25, also calculate tile principal and shear stresses 
at the toe of the dam. ‘Take the uphift factor K as 0.45. 

What is the limiting height to which this dam can be raised? Assume the allowable compressive 
stress for the material of foundation as 50 kglem?. 

Solution: 

We know that for no tension at the heel when the reservoir is full and the dam is safe against 
shding, the base width of elementary triangular profile is given by 


h 


VG-K 








= 149m 


“Pas-045 80 


For a value of = 0.75, we get nearly the same value 





om no sliding condition as in Eqn (8.20) 


Weight of the dam w= 


20 * 14,9 « 1000 x2.25 
= 335.2 tonnes 


Uplift foree U=> KhBw 


0.45 «20 «14.9 1000 





= 67 tonnes 
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Hence, net vertical force E/° = IW’ — U = 268.2 tonnes 


Hydrostatic pressure force P = i wh? 








= ; » 1000 «(20 = 200 tonnes 
‘Sum of moments of the active forces about the toe, 
‘IM =F: & 
3 
268200149 2 aon 2 


=2,665,000—1,332,000 
1,333,000 kg-m = 1333 tonnesn 


‘This moment is balanced by the moment of reaction about the same point 





Rx = EM, 
R= mF 
¥ = EM EF 





Eccentricity e 





Now the normal stress at the toe, 

















= (+S) 
cae) ie 
268,2/, , 6x248 
= 1+ 
ml 149 
or py, = 36 tonnes 
49 
tung = 745 
ae) 
see% =1,555 





1, 508? = 36,000 * 1,55 

= 56,000 kg/m? = 5.6 kgfem’ 

Shear stress at the toc, =p, tan @= 36000 * 0.745 
26,800 kg/m? = 2.68 kgfem? 

‘The limiting height to which the dam can be raised is given by (elementary analysis) 


Principal stress al the toe, 6, 


Pa _ 30x10" 


Height = ——#__ = _30x10"_ 
cient GRD 1000225 -0454) 


Or, Limiting height =178.5 m 
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Example 8.2 


Water stands on the upstream side ofa gravity dam of triangular section up to the full height of 
35 m, ‘The base of the dam is 26 m, The uplift pressure intensity coefficient A’ may be assumed to 
be 0.5, Show that 

(No tension exists anywhere along the base of the dam, 

Gi) The dam is safe against sliding 

(ii) ‘The maximum compressive stress in the body of the dam is less than the allowable 

crushing strength of the material taken as 11 ke/ 

(iv) The dam is safe against overtuming 
Take the coefficient of friction between the base and foundation as 0.75 and the unit weight of 
the dam as 2400 kg/m? 


Solution: 





Weight of the dam w 


x 35 * 26 * 2,400 = 109 tonnes 


‘The maximum compressive stress occurs at the toe and is given by 


ro (-S) 





63,500 kg/m? 








862200/, | 6x3.95 
= 14 5 
26 26 
=6.35 kglem? 
‘which is less than the allowable enishing strength of 11 kgéem* Hence, safe. 
The factor of safety against overtuming is given by 
mM, 


pg= 2M 
EM, 


where ZM, is the sum of stabilizing moments and XA, is the sum of oyertuming moments, 


sun of owing mimes =P ot 


se 
612500 33 + 297800. 2 x36 
3 3 
or EA, =7150000 +3940000= 11090000 ke-mt 


‘Stabilizing moment = 1” « za 


=1,090,000 2 «26 


or EM, =18,900,000 kg-m 


18,90,000__ 
11,090,000 
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Hence, sate. 


Uplift pressure force U=+ KhBw 


1 

2 

4 05435125 «1000 
=2278 mss 

2. Nett forse 30° 7 U=8622 tomes 


Lag 
2 





Hydrostatic pressure 


1 ; 
= * 1000 = (35° 
7 sy 
= 612.5 tonnes 
‘The sum of moments of all the forces about the toe 
2M, =2Fx Zap» 
? 3 3 


F 
=862,200% 2 «26~612,500 « 





= 14,940,000~7,150,000 
Or EM, = 7.790 tonnes-m 
If ¥ is the distance of the resultant force fom the toe, then 
EM, _ 7790 
EF 8621 
or =905m, 








Eccentricity 





= 76 _905=3.95m 
2 


For no tension to develop anywhere along the base, 





26 
e< ore<= 
6 
or e<433m Hence, proved. 
aE 
Factor of safety against sliding = 
0.75% 862200 
612500 


=1.055>1 
Hence, safe. 


254 | Water Power Exomzennc 





Example 8.3, 


Sol 


In order to determine the seepage below an earthen dam, a flow net was drawn as shown in 
Fig. 8.16, Find out the seepage per metre width of the dam, if the head is 65 m and the coefficient 
of permeability of the soil is 0.1 Sm/day 

lution: 


The discharge is given as 





From the figure: 





and Nyri2 
k =0.15 miday 
h=65m 

Therefore 4g =015 * 65% _ 


=2.2m'day/m 


Example 8.4 


Soluti 


Calculate the tensile strain atthe bottom of the face slab, 170 m long with the upstream slope of 
13H: 1V, of a CFRD having a head of 185 m, Assume the concrete strength of 25,000 MPa at 
60 days 






85 MPa. 





Here, H = 185 m, or pressure p 
Slab thickness ¢ (for H/ greater than 125 m) 











(0045 H = 0.8775 m 
Therefore, stress 5 =1,85/0.8775=2.108MPa 
Apply Hook's law, 5 = Ee, where e is the tensile strain 
E =25,000 MPa, s=2.108 MPa 
‘Therefore, e =2.108/25000= 0.000084 








‘This is acceptable, being less than the permissible value of & 


Questions 





How many types of dams do you know of? What are 
the factors that govern the choice of dam? 
‘What do you understand by “middle third rule"? Derive 
tan expression for the safe base width for an elementary 
profile ofa gravity dam, What is the limiting height for 
such a section? som 
‘What are the forces to be considered while designing 
a gravity dam? What are the conditions of stability of 
such a dam? 
For the dam shown in Fig, 8.35, calculate the forces 





md wokodtepiepd ten miteder des = 
aids ned isa 


Fig. 8.35. 
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Check the dam against sliding, crushing, overtuming, and tension, Neglect all forces except self 
Weight, hydrostatic pressure, and uplift pressure, Assume the following values 
f= 50 kgliem? (490.5 lem?) 
Crushing strength = 10.5 kg/m? (103.0 N/em?) 
7 
45 


Friction coefficient 
Uplift coefficient K” 








‘What are embankment dams? How can seepage be controlled in an earthen dam? 

What are constant-angle and constant-radius arch dams? Derive expressions for the thickness and 
‘most economical angle for an arch dam by the method of thin eylinder. 

What is meant by a buttress dam’? What are its types? 

What is meant by multiplier effect of dams and why is it important to evaluate it? 


Spillways 





Whatever may be the type of the dam, it is absolutely necessary to provide a safe passage for the 
flood waters downstream to avoid the danger of overtopping the dam. The part ofthe dam which 
discharges the flood flow to the downstream side is called ‘spillway’. In order to derive full benefit 
of the storing capacity of the reservoir, itis necessary that the spillway does not start discharging til 
the water reaches a predetermined level, 
called the full reservoir level (FRL). The l 
water has to rise higher than this level so yyw. Mi = FRL | Cownier 
that the spillway functions. The highest be te ii 
level up to which the water is allowed to FL ate 

rise in the reservoir even during high 

floods is called maximum water level 
(MWL). The height between the FRL and 
MWLisknownas the flood if. At MWL 
the discharging capacity of the spillway 
has to be such that the overflow is at 
least equal to the instantaneous inflow 
This ensures that the reservoir level will 
never cross MWL. 

Spillway isan important part of the dam complex and is located either asa part ofthe main dam 
or separately at a suitable place near the dam, 

An overfall spillway may have a control device—a gate on the top of its crest, or it may be 
without any such contro, For an ungated spillway, the crest level forms the FRL and the height of 
the flood lift added over the crest level (FRL) corresponds to the MWL as shown in Fig. 9.1(a). 
However, when the splhvay is gated, the gates provide an additional storage up to their crests (Lop) 
during off-flood season, Thus, in such cases, the MWL coincides with the FRL as shown in 
Fig, 9.1(b) 











(a) Ungated spllway (6) Gated spitway 
Fig.9.1 Overall spillways 


SPILLWAY DESIGN FLOOD 


Spillways of major reservoirs are designed for probable maximum flood (PMF), which they ought 
to be able to pass. This flood is the result of probable maximum precipitation (PMP). ‘The PMP has 
been defined in the Glossary of Meteorology (published by American Meteorological Society) as the 
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theoretically greatest depth of precipitation for a given duration that is physsically possible over a 
particular drainage basin at a particular time of a year. The spillways, in practice, can be designed 
for a rare flood whose retum period is as high as 1 in 10,000 years. A discussion on probable 
‘maximum precipitation has already been given in Chapter 3. When spillways are designed for less 
severe floods, an occasional encroachment on the free board is permitted. 

As per the Indian Standard IS:11223—1985 (Guidelines for Fixing Spillway Capacity), a spillway 
is to be designed for PME, if the storage in the reservoir behind the dam is 60 M cu. m or more, or 
ifthe hydraulic head is more than 30 m. For storages between 10 M cu. m and 60 M cu. m or for 
hydraulic head between 12 m and 30 m, the design of spillway should be based on Standard Project 
Flood (SPF). Where it is not possible to calculate the SPF, a 100-year flood value may be adopted 
for projects involving minor dams or barrages. The SPF is calculated from the unit hydrograph of 
the catchment using the Standard Project Storm (SPS) or Standard Project Precipitation (SPP) 
value worked out from meteorological observations for the catchment, or else using the maximum 
recorded storm in the catchment over a long duration of say, 50-100 years. It has been observed 
that the PMF values may be 60% to 150% higher than the SPF values. For small dams involving 
storage between 0,5 M cu, m and 10 M cu, m, or hydraulic head between 7.5 m and 12 m, a 
100-year flood may be adopted as design reference. 

Ifit is not possible to work out the PMF value, a flood of 1,000 years recurrence interval can 
also be adopted. The flood is calculated by extrapolating a long duration discharge record using 
different statistical methods or probability distributions, Sometimes, this procedure runs the risk of 
underestimating the peak flood. For instance, for Gandhi Sagar Dam on Chambal river in India, the 
1,000-year flood was estimated at 21,200 m’/s. In a period between years 1961 and 1971, the peak 
flood exceeded 30,000 m*/s four times and once touched 37,000 m*/s in 1969. Obviously, the data 
series taken for extrapolation was not truly representative and long enough. The PMF values are 
‘more representative of the maximum flood that can be expected under most severe combination of 
meteorological, orographic and other factors in the region. For this, the PMP value is determined 
with its distribution over a period of 1, 2. or 3 days (depending on the size of the catchment) in the 
region/catchment which is then routed through a unit hydrograph generated for the catchment to 
obtain the value of PMF, Strictly speaking, therefore, there is no correlation between the PMF and 
the recurrence interval of floods as worked out from frequency analysis of'a long term flood series. 


TYPES OF SPILLWAYS 


Depending upon the location of the site there are various types of spillways that may be suitably 
provided under prevailing circumstances. These can be listed as 

1, Overflow spillway, 2. Labyrinth weir spillway, 3. Piano key weir spillway, 4. Side channel 
spillway. 5, Shaft spillway, 6, Siphon spillway, 7. Chute or trough spillway, 8. Breaching section 











(emergency spillway), and 9. Stepped spillway 
Each of these is described below. 


1. Overflow Spillway 


Also known as overfall or ogee spillway (see Fig. 9.1), thiskind of spllway’s are generally constructed 
asa part of the main dam itself by using a portion of the dam as an overflow section with its crest 
at FRL, Such spillways are provided in conjunction with solid gravity dams and in the valleys which 
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have sufficient width to accommodate the required crest length, The downstream face of the dam 
may be modified so as to act as glacis; the toe portion of the dam is suitably designed to prevent 
erosion due to high velocity flow. The overflow spillway of Three Gorges Dam in China is designed 
for a maximum discharge capacity of 0.116 Mm*/s, a very large capacity indeed. 

‘The overfall spillway may be either—controlled or uncontrolled, In the former, the control can 
be achieved in two ways. First, by a permanent gate which can be lified when necessary either 
automatically or operationally, and secondly by the provision of temporary planks, generally wooden, 
which have to be introduced towards the end of every flood season. Smaller and less important 
spillvays may have such temporary devices, while spillways of major dams are usually provided 
\ith permanent crest gates. Such crest gates although increase the total cost of the dam, they are 
increasingly being used because duc to them, the water can be stored effectively up to the top level 
of the gate instead of the spillway crest level, without increasing the maximum water level of the 
reservoir in any way. The description of a few popular automatic and non-automatic spillway gates 
is given subsequently in this chapter. 

Since the flood water passes over the crest of the spillways, this part has to be designed 
carefully so aso stand the maximum flood. A most suitable profile ofthe crest would be corresponding 
to that of the underside of the nappe in case of a sharp-crested weir. If this is not done, negative 
pressures develop on the glacis. An ogee weir resembles this profile or shape to a great extent, To 
achieve this ogee shape, either an additional quantity of concrete may be put on the downstream 
face of the dam or a corbel may be constructed on the upstream face as shown in Fig, 9,2(a) and 
(b). A standard method of arriving at the profile is given subsequently. 





Upper nape 
‘Adational concrete Corbet for 
far ogee-shape ‘ogee-shape 
Lower 
rnappe 


Sharp crested woir ‘Overtiow spilway sections 


a) © 
Fig.9.2 Ogoe shape ol spillway crest. 


The rate of discharge Q over the entire length of the spillway may be computed from the 
following formula: 


O=CLHS or a> Secs (9.1) 
where is the coefficient of discharge = 2,15-2.2 
Lis the effective length of the weir crest in m. 
His the measured head above the crest in m. 


qis the rate of discharge/m length of spillway in m*/s/m 
Qisinm’/s 
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The free overflow spillways may be generally expensive on account of the large length of the 
spillway to be provided for a specified flood, or indirectly, because of loss of head or storage 
corresponding to the upstream head required to pass the design flood. 

The values of g can be as high as about 340 m’/s/m, Table 9.1 gives the values of y adopted by 
a few typical dams. 


Table9.1 Unit discharges of some typical spillways, 


























S.No. ‘Name of dam, country Unit discharge 
1 Gur, Venezuela 3436 
2 Rezashah Kabir, Iran 3336 
3 Mangala, Pakistan 3153, 
4 ‘Chamera Stage T, India 2347 
3 Derbendi Khan, Iraq 32 
6 Iehari, India 2220 





Overflow spillway profiles 


As stated earlier, the overflow profile may have a number of small variations in the design that suit 
the flow requirements. The Waterways Experiment Station (WES), USA, prescribes the following 
spillway shape: 
x= KH" ly (9.2) 

where x and y are the coordinates of the crest profile with the origin at the highest point ofthe crest, 
His the design head without the approach velocity head, K and n are parameterd depending upon 
the slope of the upstream face. 

When the upstream face is vertical, the parameters K 
spillway shape is shown in Fig. 9.3. 





.00 and n= 1,85, The standard WES 


Equation 
X85 OHO 





Fig.9.3 WESspillway prot, 


For designing the spillway crest for high head operations, the US Amy Corps of Engineers 
recommended a shape (as in the WES spillway) for the downstream profile from the apex onward, 
which is given by: 


(=) = 2.0(h, (9) (9.3) 
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The equation for the profile upstream of apex is 
Ls 





+ =0. ma +0270 


062s 
~0,432{ 40.27] +0.126 (4) 
Ap hy 


fy 





where his the design head over the spillway’ and x and y are the coordinates at right angles to each 
other, taking the apex as the origin. 

‘The equation for the downstream profile produces a shape in agreement with USBR Boulder 
Canyon data, while the equation for the upstream section produces a curve tangent to the vertical 
face in agreement with the potential flow solutions. 

Recognizing that greater efficiency is obtained by operating the spillway at heads greater than 
the design head, several agencies have adopted the practice of choosing the design head as some 
fraction (usually 75%) of the maximum expected head. 

When a spillway, so designed, does pass the highest anticipated flood, it will do so with 
pressures lower than the atmospheric pressure occurring on the crest; at the same time the discharge 
coefficient C for such a condition is higher than that at the design head. This enables the spillway to 
be shorter in length, Since such floods are a rare occurrence, the sub-atmospheric pressures on the 
spillway face are allowed during this extreme condition. 


2. Labyrinth Weir Spillways 


In order to pass a greater flood. the length ofthe spillway crest is required to be increased, However, 
for a limited width of the channel and the lateral space available as required by a conventional 
spillway. the crest length of the weir can be increased by providing a labyrinth weir spillway. The 
crest length gets increased without having to increase the top width of the chute, by providing a 
series of intereonnected V-shaped weirs (cach called cycle) having “broken axes” compared to the 
axis of a conventional spillway crest, as seen in the plan. This way the specific discharge 
(discharge/m) is increased. The weir can be designed with a reinforced concrete wall upon a flat 
bbase and in trapezoidal layout, The 
vertical wall is generally up to 4m. 
high (although there are larger 
structures with walls up to 9'm and 
discharges of 10,000 cumec) since % 
it may not be hydraulically suitable Qusie of re 


damn 





rest ot the dam 
(dam height) 


Re 
sn so 


Fig.9.4 Conceptual labyrinth weir spillway, 


Flow 


Water 
surface 
for large discharges to be negotiated 


and may require larger reinforee- 
‘ment and base anchorage 

Figure 9.4 shows the concept 
of a labyrinth weir spillway. Here, 
Wis the width, P is the height and 
is the length of the weir. Such a 
spillway is also suitable for 
rehabilitation of an existing spillway 
by providing one of a larger 
capacity. Design details ofthis type 
of spillway are not given here. 






Smuuways | 261 








3. Piano Key Weir Spillways 


This spillway type designed and built by Electricité de France derives its name from the layout of 
the walls which is rectangular—similar to a piano key (P-K). The walls, which are inclined and 
orthogonal to the flow, may be placed on the normal gravity dam cross-sections, It is claimed that 
this type of design saves up to one-third in spillway length, achieving up to half the upstream head 
requirement. For increasing the freeboard, storage or safety. this spillway may also be used in the 
existing projects where an overflow type has been provided. Due to large air entrainment in flows 
in the P-K weirs, as also in other labyrinth structures, the energy dissipation is better, thereby 
reducing downstream erasion. Using the freeboard for discharging some of the excess flood, such 
weirs can serve as emergency spillways also with a gated spillway 

‘The ratio of the plan length of the labyrinth wall to overall spillway length is recommended to 
be kept nearly 5, which is found to be optimal. Keeping this ratio, if the maximum height of the 
labyrinth wall is called P,, (in metres), one of the designs proposes the upstream head h over the 
crest to be between 0.4 /,, and 2 P, and the specific discharge (discharge per m) of spillway as 


3h JP, 





q- 

The corresponding specific discharge for the overflow spillway would have been say 
215hvh (assuming a coefficient of discharge of 2,15), thereby indicating a saving of about 0.45 
P,,. The hydraulic efficiency will increase with increased value of ?,,, if the height of the P-K weir 
is not restricted. 

Different shapes of the weir could be provided (for example, with downstream steps or longer 
upstream overhang), Plan view and cross-sections of one of the types of P-K. weir are shown in 
Fig. 9.5 


36Pr 








09Py TBP hy O8P hy 
3.6 Py Cross-section 1-1 (outlet) 














= = 36Pn 

















Pa tL oar, 


TEP, 
Plan view 


N= labyrinth ratio = (23.6 + 1.8)/1.8=5 O9Py TBP OOP 
Cross-section 2.2 (inlet) 

















Fig.9.5 P-Kwoir(Lempériére, 2003), 


The piano key weirs can be precast or cast in situ with reinforced concrete, With lower values 
of P,,, of the order of less than 2.m, even steel fabrication can be done, The weir shape can also be 
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modified with the walls inclined towards the flow or with steps in the downstream portion. Some 
alternative designs for the weir are also there. P-K spillways have been deployed at L’Etroit Dam in 
France and in Vietnam, as also in some other countries, 


4, Side Channel Spillway 


In a narrow valley, where the required crest length of the overflow spillway is not available, or in a 
narrow stream where it is advantageous to 
leave the central portion of the stream for 
the powerhouse, the side channel spillway is 
convenient. In this type, the flow after going 
over the crest passes in a channel almost 
parallel to the crest as shown in the Fig. 9.6. 
This implies, therefore, that the side channel 
spillways are better suited for narrow gorges 
Another situation where side channel 
spillways can be given serious consideration 
is in embankment dams. The design 
considerations require the side channels of 
sufficient capacity, so as to be able to carry 
the maximum flood discharge without 
submerging the weir crest to an extent that 
the weir discharge capacity is restricted. The 
side channels are mostly of trapezoidal 
section 


Spilway crest 








Top water 
lige 





Guide walls 


Spilway channel 


Fig.9.6 Sidechannel spillway. 


Design profile 
‘The design of the side channel spillway requires the 
computation of water surface profile in the channel 
after the water passes over the crest. 

According to Hinds, the general equation for 
computing the ordinate of the water surface curve, 9 
in the channel, measured downward from the line AG 
(Fig. 9.7) with respect to the distance, x, along the axis 
of the channel, when the average velocity of the flow 
is V. corresponding to discharge Q and the inflow per 
metre length of the weir crest q, is given by 


|+-— overtiow crest —+| 
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Fig.9.7 Computation ot surface profile 


‘The solution of the above equation is complex. The ci daec ie: 


form of the channel, however, may be assumed in such 
‘away that the computations are somewhat simplified. Accordingly, assuming the inflow per metre 
Iength of spillway crest to be uniform, the total discharge at any section away from the upper end 
of the crest by a distance x, is given by 
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o-g (9.6) 


‘The exponential velocity distribution may be represented as 





Vea" 7) 


where a and 1 are arbitrary constants, ‘Thus, from Eqns. 9.5, 9.6 and 9.7, the following expression 
may be deduced: 





(9.8) 


where h, is the theoretical yelocity head. The range for values of 1 is from 0.5 to 1,0. Value of ais 
found from a trial value of 7 at some control section (fixed point) with the help of Eqn. 9.7. if the 
values of V and x are determined, For such a section, it can be assumed that 


(9.9) 





where 7 is the top width of the water prism at that point, 

For the usual trapezoidal channels. atrial procedure is recommended in which the channel 
depth is assumed and from Eqns. 9.8 and 9.9 4, 1’ and h, are found. The discharge Q, is then 
computed as 

OQ, = Ay2g h, 

IF Q, is equal to the required discharge, the assumed depth is correct. otherwise a fresh tral is 
to be made 

With reference to Fig. 9.7. itcan be seen that the water surface falls along some curve from 
point A at the upper end of the channel to point B, opposite the downstream end of the crest. Thus, 
corresponding to the shape of the water surface line, the channel bottom will also have a particular 
shape AD as shown in the figure, 

Another hydraulic design has been given by W D Moss (Water and Water Engineering) with 
the help of a general dynamic equation of spatially varied flow, neglecting friction. This equation, 
however, is to be solved by numerical methods such as Runge-Kutta method, The detailed designed 
procedures are not within the scope of this book 


5. Shaft Spillway 


The shaft spillway, also sometimes known as “morning glory” spillway, is shaped like a vertical 
funnel with a vertical shaft which connects an L-shaped horizontal outlet conduit extending through 
the dam or through the abutments conveying the water past the dam. This is shown in Fig, 9.8(a), 
The lip of the spillway is the top of the so-called funnel and is in the shape of the standard crested 
spillway (circular weir). The shaft and the sides of weir are generally excavated in rock in the sides 
of the valley. The shaft spillway is suitable for narrow gorges where other types of spillways do not 
find adequate space. In carthen dams where even a side channel or chute spillway is unsuitable for 
want of space, a shaft spillway may be excavated through the foundation or flanks of the river 
valley. 
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3,815 cumec. The diameter of all the spillway shafts is 12 m, Figure 9,9(a) shows the right bank 
shaft spillways of the Tehri project, while Fig. 9,9(b) shows a shaft spillway in operation 





() Right bank shaft splays for Tehri HE project 


(©) Shaft spitay in operation 
Fig.9.9 Shaft or Moming Glory spillway (Courtesy: THDC India Ltd.) 


6. Siphon spillway 


The principle of operation ofa siphon spillway is based on siphonic action. Such a spillway occupies 
less space and regulates the reservoir level within narrow limits. With this property, the siphon 


spillway also finds its use in canal forebays where the surges created by the change in turbine loads 
are to be equalized. 
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Fig.9.10 Siphon spillway. 
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With reference to Fig. 9.10(a) it will be seen that intially the reservoir level is up to the crest of 
the spillway. For any rise in the level of reservoir due to flood, a sheet of water starts travelling over 
the crest, When all the air entrapped within the hood is driven out and space gets filled with water 
(called ‘priming’ water starts flowing over the crest due to siphoning, This action normally continues 
until the reservoir level comes down below the inlet or mouth level. Thereafter, allowing the reservoir 
level to fall to the level of inlet would mean the loss of valuable storage, Therefore, the usual practice 
is to provide a device, which will deprime the siphon and break the siphonic action as soon as the 
water level reaches full reservoir level. This is best achieved by providing a small air vent.at the crest 
of the siphon, The vent opens to atmosphere a few centimetres above the FRL. As soon as the 
ater drops down to FRL, the mouth of the vent gets exposed to the air which rushes into the 
siphon hood and the siphoning action stops. On the other hand, as the water level rises, the air vent 
goes out of operation as its open end gets sealed by the water surface. 

As evident from this description, it can be infered that there should be ways to initiate the 
siphoning sooner, to time it around the rise of reservoir water. This is accomplished with any of the 
two methods, viz., () by providing a joggle or step and (i) by providing an auxiliary or baby siphon 

The purpose of both these arrangements is to seal the siphon passage so as to remove any 
entrapped air and prime the siphon, Figures 9.10(b) and 9.10(¢) are self-explanatory 
Throat. The depth of the throat is usually not greater than three times the permissible flood rise 
‘The section at throat is generally rectangular. Its width is governed by structural considerations. 





Crest. The crest profile is made circular with a moderate radius large enough to provide good 
discharge, but sharp enough to improve the priming capability of the siphon. 


Inlet area, This arca is usually two times the throat area. 
Area of the yent, It is normally 1/10 to 1/20 of the throat area, 
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Fig.9.11 Saddle siphon spillway of Hirakud project, India 
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Discharge. The discharging capacity of a siphon spillway is given by the following formula: 


Q= Cyay2gh (9.13) 





Where a is the arca of the throat, is the head and C", is coefficient of discharge 

The head h is the difference between the reservoir level and tail water level, if there is tail water 
on the downstream side, otherwise on the outlet of the siphon, 

Figure 9.11 shows a section through the saddle siphon provided to discharge 600 cumec 
through 27 vents of approx. 3 m » 1 m and two sluices of lm * 1.6m. This 97.5 m long siphon lets 
out the excess water from the first pond of the power channel into the river Mahanadi. The power 
channel feeds to Chiplima power plant of 72 MW capacity, of Hirakud Project (India) 


7. Chute, or Trough, Spillway 


This type of spillway is provided through the abutments of the dam when itis not possible to pass 
floods over the dam as in the case of the earthen and rockfill dams. Chute spillways are simple in 
design and construction and are adaptable to almost all foundation conditions, Water passes over 
the crest of the spillway into a trough or chute having a steep slope. The crest is usually wide and 
then the channel narrows for economy. The end is then again flared or widened to reduce the 
velocity (energy per metre of water entering the stifling basin), Whereas in a side-channel spillway, 
the flow after passing over the crest is carried in a channel parallel to the crest, in case of a chute 
spillway, the water is carried at right angles to the length of the crest. The crest may be flat 
(straight) or curved—the latter offers some hydraulic advantages. The length of the spillway crest 
is also a vital factor; so, has to be decided thoughtfully, A small length of crest accords ponding 
effect, which effectively increases the dam height. 
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Fig. 9.12 Schomatic of tho chuto spillway for Ramganga dam, 
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The chute spillway may have the following sections as shown in Fig, 9.12; 
(i) The entrance channel 
(ii) The control structure 

(ii) The conveyance structure. 

The entrance channel is essential for drawing water from the reservoir and conveying it to the 
control structure. 

‘The control structure is constructed to limit or eliminate outflows below fixed reservoir levels 
and to regulate discharges when the reservoir rises above that level. This structure is usually 
straight in plan but may sometimes be curved. It contains gated arrangements with any suitable 
gates (radial, vertical, lift or drum gates), The crest shape may be proportioned according to the 
profile represented by the following equation 








stan + —* (0.14) 
Fhicos8 

where x and y are coordinates, with gate sill asthe origin, @ is the slope of the crest atthe gate sill 
and J is the head of water over the gate sill 

The conveyance structure conveys the Mow released over the control structure to the stream 
bed below the dam along the ground surface in an open channel, The profile of the discharge 
channel should be conforming to the topographical and geological features of the site. The free 
board in the side walls may be kept on the basis ofthe following empirical formula 


Free board = 2.0 + 0,005 v a3 (0.15) 


Where v is the velocity and d the depth of flow 

‘The thickness of lining for the conveyance structure yaries from 30 cm to 75 cm depending 
upon the type of rock and the velocity of flow 

Since the energy of flow after passing over the conveyance structure (i.e., the chute or trough) 
is too high, this has to be dissipated with the help of either a ski-reflector bucket or some kind of 
energy dissipators like chute blocks, friction blocks etc, The stifling basin should be designed 
taking into account the discharge intensity, uplift forces, ete 

Figure 9,12 shows the top plan and section of the Ramganga chute spillway in UP. With a clear 
length of the crest as 70 m and overall width of the crest as 84.6 m, the spillway has been designed 
fora flood of 7,607 cumec having a frequency of | in 750 years and having a maximum probable 
flood of 8,467 cumec. An auxiliary spillway has also been provided to passa flood of 1,926 cumec, 
rising to 2,302 cumec under emergency conditions, The total capacity of the two spillways is, thus, 
10,393 cumec. 

‘The chute spillway of the ‘Tehri project as shown in Fig. 9.13, designed to pass.a flood of 5.487 
cumec has 3 bays of 10.5 m width, and is provided with 3 radial gates. 


8. Breaching Section (Emergency Spillway) 


An emergency spillway, in most of the cases, is an earthen dyke located in an adjacent saddle 
depression and used as an auxiliary spillway only when the flood magnitude is such that it is likely 
to damage the main dam. This earthen dyke is provided as an extra safety for the dam and the main 
spillway. Thus, in the event of such a heavy flood, the dyke is breached or completely damaged, 
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Fig. 9.13 Chute spillway of Tehri project, India (Courtesy. THDC India Lt.) 


thereby releasing its share of excess flood waters. The elevation of the dyke is kept at such a level 
(the MWL of the reservoir) that it would be overtopped before the level can reach up to the top of 
the main dam. Generally, such emergeney spillway sections are provided in case of earthen dams 
only (Fig. 9.14). 
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Fig.9.14 Emergency spillway. 


9. Stepped Spillways 


In stepped spillways the downstream overflow face of the spillway is constructed as an open 
channel having a series of steps (falls) that may be horizontal, inclined, or pooled (which act as 
intermediary energy dissipation basins). Energy dissipation is achieved by jet break up, through the 
formation of hydraulic jump or by jet mixing on the steps. Such spillways have been found to be 
especially compatible and economical with RCC dams. The types of flow regimes that could occur 
in such spillways are nappe flow and skimming flow. When the spillway slope is flat or the discharge 
is low, the water flows down ina series of plunges from one step to the next as a nape flow. In the 
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case of nappe flow, as the jet falls over the steps, its energy dissipates due to jet break up in air, 
formation of partially or fully developed hydraulic jump, or by jet mixing on the steps. In case of a 
skimming flow the water flows down the stepped face as a coherent stream, skimming over the 
steps and cushioned by the recirculating fluid trapped between them. See Fig. 9.15 (a), (b), and (c) 
respectively), Only the horizontal step spillway is being discussed here 
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(a) Nappe flow with fully developed hydraulic jump 





Recirculating 
vortices 


(6) Skimming flow above a stepped spilway 


Fig.8.15  Flowregimesina stepped spillway (Chanson, 1893). 
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(a) Nappe flow 
For horizontal steps, the step height (/) and length (/) can be dimensioned with the help of spillway 
slope 0: as 
tan = 2 (9.16) 
Ithas been shown that nappe flow takes place when tan ot < 0,20 and d,/h < 1/3, where dis 
the critical flow depth. For the step in a single-step spillway, the flow condition changes near the end 
of the step from sub-critical to critical at some section a short distance behind the edge, where the 
flow depth d,, at the brink of the step is observed to be equal to 0,715 d_. Critical conditions occur 
near the end of each step along the step spillway, resulting into full development of a hy draulic jump. 
Hubert Chanson (Australia, 1993) suggested the following relationships for flow parameters 
and energy dissipation in case of nappe flow regime (with reference to Fig. 9.15 (a), (b) and (c)) 








4 22 
a 


(9.17) 
d, 3, By# 8 
Pi \2 d, 


where dj isthe depth of flow at section 1 and fis the height of the step. Thus, the total Head H, at 
section 1 can be expressed as 
L(d.¥ 
oe (9.18) 


21a 





‘The total head H, and the depth of flow d, at section 2 can be given in the form of hydraulic 
jump equations 


(9.19) 


(9.20) 


(9.21) 


(9.22) 


(9.23) 


(9.24) 





Where d, is the height of water in the pool behind the overfalling jet in Fig, 9.15(a), 
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With fully developed hydraulic jump under a nappe flow situation, the head loss at any intermediary 
step is equal to the step height. The total loss of head AM along the spillway is equal to the difference 
between the maximum head available #7... and the residual head at the bottom of the spillway #7, 
and can be expressed as 


(9.25) 





Where Hyyy is the height of the dam and is related to Hyg. 8 Hyg, ~ Hyg + 1.5 d,. The residual 
‘energy is dissipated at the toc of the dam by hydraulic jump in the dissipation basin. The total energy 
Joss can therefore be expressed as 





055 


(9.26) 





(6) Skimming flow 
For skimming flow or quasi-smooth flow to occur, the onset flow condition is seen to be governed 
by the equation 


d, 
(F). = 1,01-0.37 ‘ (for threshold condition) (9.27) 
st 


and the skimming flow will occur when 


dh > (dJh), (0.28) 


In skimming flow, an imaginary line joining the external edges of the steps may be visualized 
as a kind of bottom over which the flows pass. Below this, horizontal vortices develop filling the 
region between the main flow and the step. By transmission of shear stress from the fluid flowing 
past the edges ofthe steps, these vortices are maintained, Small vortices are also generated continuously 
at the comers of the steps. See Fig. 9.15(c). The relevant relationships for skimming flow are given 
as follows 


TP, = Py A.sin oF 0.29) 
where P,, is wetted perimeter, p,, is water density, g is gravitational constant, A is the cross- 
sectional area of the channel and t, is average shear stress between the skimming flow and 


re-circulating fluid underneath, 


(9.30) 





where /'is friction factor (Darcy’s coefficient) and V, is uniform non-aerated flow velocity 
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(931) 


where V, is the critical velocity 
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d, 





(9.32) 
ad, \8sina 
where 4, is uniform non-aerated flow depth. 
p Sasineud} Dir 0a 
% 4 


where q,, is discharge per unit width and D,, is hydraulic diameter given as D,, = 44/P y 
Energy dissipation under the skimming flow conditions is achieved by the maintenance of 
stable depression vortices. For uniform flow at the downstream end of spillway, the total loss is 


expressed as 
do cos.a.+ =| 
2d, 

AH =| _ (9.34) 


3 








Fexas. ‘max 


d, 





2 
where F is the kinetic energy correction coefficient or Coriolis coefficient (E 


1 for uniform 
Velocity distribution), For a value of = $2 degrees and friction factors f= 0,03 (for smooth 
spillways) and f= 1.30 (for stepped spillway’) the head loss may also be written as 


i vi 
(ree) * } 














(9.35) 
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Fig.9.16 Flow regions above a long stepped spillway (Chanson, 1993). 
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For high dams, the residual head /7,. (similar to total head loss) is expressed as 





1s 3 
cosa (—f 03) 
d,— (8sine 2 (8sino 


The above two equations are highly sensitive to the value of friction factor fand rate of 
aeration, and should, therefore, be used carefully 

In case of a long spillway, while the flow is smooth without air entrainment along the upper 
steps, the lower steps have large amounts of flow aeration and strong vortices causing momentum 
transfer between the main stream and the recirculating fluid, thereby dissipating energy, as shown 
in Fig. 9.16, 








SPILLWAY GATES 


As mentioned earlier in this chapter. the crest control for a spillway may be achieved either through 
automatic devices or through manually operated devices. Accordingly, the various controls and 
gales are listed as below 
Controls 
1. Temporary or permanent flashboards 
2. Stop logs and needles 
Non-automatic gates 
Tilting gates 
Vertical lift gates 
Rolling gates 
Caterpillar gates 
7. Radial (Tainter, sector, or segment) gates 


wee 


2 


Automatic gates 
8. Drum gates 
9, Vertical lif gates—Fixed wheel or sliding gates 
Fuse gates and plugs 
10, Fusegates 
11. Conerete fuse plugs 


Out of these types, some are uncommon or scarcely used and others are frequently used. The 
essential requirement for any gate is, however, to provide a reasonable water tightness and an 
effective release of water during floods. Some of these 
gates are briefly described here, 


1. Flashboards 


‘Temporary Mlashboards of height up to 1.5 m-2 m are 
generally common for weirs, These consist of wooden 
panels supported by vertical pins embedded on the spillway 
crest, When the flood level reaches a certain height, these 
flashboards fail and have to be replaced for the next flood Fig.0.17  Flashboard 
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Permanent Mashboards also consist of wooden panels which can be lowered or raised by 
means ofa cable. They can also be designed to work automatically. For large installations, these are 
more economical. Figure 9.17 shows the sketch of a temporary lashboard. 


2. Stoplogs and Needles 


‘The stoplogs are horizontal layers of loose timbers spanned between grooved piers as shown in 
Fig, 9.18(a). The logs may be raised manually or by a hoist, These logs are generally used for small 
installations, The needles consist of slightly inclined row of timbers supported at the top by a beam 
and on the bottom by a key in the spillway crest as in Fig, 7.18(b) 


Beam 
Grooved piers 
Stop log 


Needles 





Spillway crest Spillway ereat 
(@) Stop logs (©) Needies 
Fig.9.18 Stoplogsand neodles, 


Four types of gates described hereunder are non-automatic, These are to be operated either 
manually or by power whenever the necessity arises, 


3, Tilting Gates 


Tilting gates, also called flap gates, consist of flat frames hinged at the lower edge placed on the top 
of the dam. The upper edge can be moved with the help of chains or rods about the lower hinge to 
pass the flood over the crest of the gate 





Highest postion 


Lowest postion 


Spilway 


Fig.9.19 Titing gate, 


An indicative sketch of tilting gates is shown in Fig. 9.19. These gates can also pass trash etc. 
in addition to flood waters and are normally suitable for smaller size of openings 
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4. Vertical Lift Gates 


These are simple stee! gates that slide along vertical slots on the side of piers on the crest of the 
spillway. However, because of huge frictional force, their size has to be limited. For passing the 
‘flood, the gate is lifted vertically allowing the water to pass underneath it, But as mentioned, hoisting 
up of the gate requires considerable effort because of friction and, therefore, sliding gates are 
seldom used these days. Simple sliding gates can be used for various heads up to a hoist capacity of 
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(@) Fixed wheel sliding gate for RPS dam spiliway 





(©) Fixed wheel type gate for Tehri project (Courtesy: THDC India Lic.) 


Fig.9.20 Vertical it gates. 
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about 35 tons. The vertical lif gates may be automatic or non-automatic and are also used frequently 
and widely as intake gates. 

In order to reduce friction, a train of rollers or wheels is provided so that only the rolling 
friction (which is much less than sliding friction), is to be countered. When a gate is provided with 
fixed rollers or wheels such that they travel on vertical tracks on the downstream side of the gate 
grooves along with the gate, then such a type of gate is known as fixed-roller gate, However, if the 
train of wheels or rollers moves between the lift gate and the grooves (or guides) independently, 
then such a gate is known as a free roller gate or Stoney gate. Here, the axle friction is eliminated 
and only the rolling friction is encountered, All yertical lift gates are, generally, counter-balanced 
with their dead weight by a counter weight 

Fixed wheel sliding gates have been installed in India in projects such as Gandhi Sagar dam 
(2.7m 8.5 m), Rana Pratap Sagar dam (18.3 m * 8,53 m) as seen in Fig. 9.20 (a), Nagarjunasagar 
dam (13.75 » 13.43 m), Kosi barrage (18.3 m » 6.4m), Tehri project (5 m * 11 m) (Fig. 9.20(b)) 
ete, 

Sliding type gates of size 6.7m * 8.5 m have also been provided in the Tehri project. 


5. Rolling Gates 


The roller or rolling gates consist of a cylindrical beam made of steel, which spans between piers 
having an inclined rack. The rack engages teeth cut around the cylinder at its ends. When the gates 
are hoisted up, they roll on a rack. They can be used up to 45 m spans and 10 m heads. 


6. Caterpillar Gates 


Caterpillar gates have a leaf that is supported atthe sides by vertical girders around which continuous 
roller trains of the caterpillar type are mounted. The parts of such a gate include horizontal beam, 
skin plate, vertical end-girders, roller trains and seals. Such gates have a higher initial cost and 
require considerable maintenance owing to a large number of moving parts, The operation of the 
gate may also be hindered due to failure of some rollers. Caterpillar gates have been used in projects 
at San Louis (USA). Marimbondo and Itaparica (Brazil), Guri (Venezuela). etc. 





7. Radial Gates 


Also known as sector gates, segment gates, or tainter gates, the radial gates are used widely. As the 
name indicates, the face of the gate is a sector or segment of a cylinder (circle) supported on a steel! 
framework which is pivoted on trunnions set on the downstream end of the piers on the crest of 
spillway, These gates are often adaptable as head gates and are most suitable where the fluctuations 
of water surface are limited so as to be at or below the top of the gate for most of the time. Since 
the gales are true sectors of a circle, the water pressure borne by the face passes through the pivot 
‘The radial gates are usually raised by means of cables or chains at both the ends. The friction 
encountered at the pins is much less than that at the side slots in case of sliding gates, and as such, 
the hoisting load is less. The lever arm of the lifting force is also much greater in radial gates hence 
the effort needed for lifting is much smaller. The gates are fabricated in various sizes, even up to 20 
m in height and 25 m in length. The sector gates are more efficient at partial openings than the 
vertical lif gates and are less prone to vibration. 
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Asan example, Fig, 9.21(a) shows three sector gates of size 10,5 m 15.5 m provided for the 
chute spillway of the Tehri project, while Fig. 9.21(b) shows a radial gate (d/s view) of the left bank 
shaft spillway ofthe same project, The ltaipu Project (Brazil/Paraguay) has 14 radial gates of size 20 
m * 21 mith a discharging capacity of 61,000 cumec, Most of the Indian projects have also used 
radial gates, Seven of the radial gates of Sardar Sarovar project, Gujarat, are 18.30 m » 18,30m 
and the rest are 18.30 m = 16.76 m, which are amongst the largest in the country. The size of the 
Koteshwar dam radial gates of Tehri project scheme is 18 m * 15.9 m, The 425.2 m long spillway 
for the Ukai dam has been designed for a flood of 49,500 m*/s and is controlled by 22 radial gates 
each of 15,545 m * 14.783 m section. The other large gates installed are over spillways at Bhakra 
dam (15.55 m * 6,1 m) and Beas dam (14.48 m * 10.67 m), 





(@) Sector gates on Chute spillway (©) Sector gate on Left Bank shaft spiway 


Fig.9.21 Radial gales of the Tehri project (Courtesy: THO India Lid.) 


‘Many projects also provide automatic gates on the spillways. 

‘Their speciality is that they get raised or lowered automatically, as soon as the M\WL is reached: 
hence, no manual operation is required. There are various types and designs of automatic gates 
Drum gate, however, is the most elegant of all such gates 


8. Drum Gates 


These gates are useful when large amounts of debris trash and ice are to be passed without fully 
‘opening the gates. These may be used for longer spans also, 

The drum gate consists of a segment of a cylinder which fits in a recess on the top of the 
spillway when the gate is in an open or lowered position. For lifting the gate in its closed position, 
‘water is admitted tothe recess to create a buoyant force, Thus, it can be made to operate automatically 
Figure 9.22 shows such a gate 







Closed position 
Hollow drum 


(pen position 


spillway 


Recess 


Fig.9.22 Adrum gate. 


Seuuways | 279 








9. Automatic Vertical Lift Gates 


A few years ago, such gates were rather popular; they are, however, seldom adopted these days 

‘The main principle of such gates is that a counter-weight in a well balances the gate in position 
under normal conditions, When the water level rises in the well due to greater inflow the counter- 
‘weight becomes lighter due to buoyant effect and the gate slides down from the crest, opening the 
spillway for the discharge. Reynold’s gates which are fixed roller gates work on this principle 
Automatic gates working on the same principle (but of an improved design) had been designed by 
Sir M Visvesvaraya for the Krishnaraja Sagar dam (India) in the early part of the twentieth century. 
‘The gates have been functioning satisfactorily since their inception. 


10. Fusegates 


With the introduction of fusegate concept in 1989 by the Hydroplus Company of France, it became 
possible to increase the discharging capacity of a new or old spillway as well as the storage 
retention in a reservoir at very economical rates with the provision of a series of tilting elements 
acting as fuses. 

Initially, the fusegates were applied at the existing dams to increase the storage capacity and to 
upgrade the spillway for larger floods, but now they are increasingly becoming popular even for 
new dams in several countries, especially in France (Puylaurent arch dam) and in general in Europe 
‘The spillway capacity of the existing Shongweni dam (South Africa) was increased from 
1250 m*/s to 5000 m’Vs by providing 10 fusegates 6.5 m high and 9.73 m wide. These are among 
the largest anywhere in the world, For safety enhancement, China has also used fusegates recently 
In India also fusegates have been used for Chaaparwadi, Chopadvay, Kakdiamba, Sonmati and 
Wanakbori projects in Gujarat. 

Fusegates are free-standing units installed side-by-side on a spillway sill to form a water tight 
barrier, They bear against small abutment blocks sct in the sill to prevent them from sliding under 
hydrostatic pressure. Commonly, there is a small cavity under the base of the fusegate with drain 
holes to discharge any accidental inflow. An inlet stack or well on the upstream side of the fusegate 
crest discharges into the chamber when the headwater reaches a predetermined level. The lips of 
the stacks on individual fusegates can be set at different levels. 










Iniet wel 
Bucket 


Overspiling crest 


Downstream toe 


Side seal abulment 


Downstream 
bucket side 


Concrete sil 


Upstream seal 


Fig.8.23 Schematic diagram of labyrinth crested fusogate (A. Alt Alla, 1998). 
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Ordinary floods spill over the fusegate barrier. Larger floods cause the chamber (o fill as the 
Water spills over the well lips (Fig, 9.24 (b)). Uplift pressure builds up on the underside and which 
causes the fusegate to overturn (Fig, 9.24 (c)). Each fusegate is so designed as to remain stable 
under sufficient weight (of its own or of additional ballast), until the chamber fills up to make it 
unstable under uplift pressure at a predetermined level. 

When the design flood passes through the reservoir the fusegates successively rotate, but for 
smaller floods only the number needed to discharge it safely are overturned. Thus, the fusegate 
concept is based on creating a strong overturning moment at a given headwater level by admitting 
pressure into the chamber through an inlet well, 

Figure 9.24 illustrates the fusegate concept for moderate floods which spill over the gate in (a) 
and (b), and for large floods which fill the chamber causing the fusegate to eventually tilt in (c. 














Init well — 
Ballast Drain hole 
Tos abutment 
Base chamber, 
@ ©) 





Fig. 9.24 Concoptot fusogate (A. Alt Alla, 1986) 


Apart from maximizing the storage capacity of the reservoir, and enhancing the dam safety 
almost to the level of an ungated spillway, the other attractive feature of a dam project with fusegates 
is that the spillway will be 2-5 times shorter than the equivalent ungated spillway, making it much 
cheaper to fabricate and install, Each individual fusegate on a spillway crest acts as a self-operating 
unit needing no electrical or mechanical input or any operating staff, making it very reliable 

Types of fusegates 

Fusegates are mainly of two types—labyrinth and straight. The labyrinth crest shape allows for the 
discharge of moderate floods with relatively low heads. The width of these fusegates is approximately 
equal to their height; these are made of steel or concrete, The straight fusegates have linear crest 
with their width 30 to 50% of the height. They are also of stcel or concrete but are lighter than 
labyrinth fusegates for a particular height, For example, an 8 m high clement of straight crest steel 
fusegate (without ballast) will weigh 10 t against 40 { of labyrinth fusegate 
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Fig.9.25 Pressures ona fusegale, 


Upstream hydrostatic pressure (See Fig. 9.25) 
hh isthe reservoir level above fusegate base 
H isthe — fusegate height 
W isthe — fusegate width 
w isthe — density of water 
g isthe acceleration duc to gravity 
W,, isthe — fusegate weight, empty 
W,,, isthe ballast weight (for ballasted fusegate) 
W,, isthe — weight of bucket 
F,, isthe resultant pressure upstream 
fy isthe resultant pressure downstream 
hy isthe downstream water level 
Vv, isthe inside capacity of bucket 
M,, isthe — moment of upstream pressure 
M, isthe — moment of tailwater 


When / < H, the upstream resultant pressure (ignoring hydrostatistic pressure on inlet walls) 


1 2 
B= iw Whe 9.37) 
am We Wh (9.37) 


and moment of upstream pressure M,= ‘ wel? (9.38) 


If, however, h>H, F, Fog WAP + we WEE h—H) 


= dove mt (Qh-H) (9.39) 
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and de WH + dig mie (h-H) 
- i wg WH? (3h — 2H) (9.40) 
(ed fusegate weight 
Empty fusegate weight = Wy 
Moment of empty fusegate weight (My) = Wy. 
Ballast weight =, 
Moment of ballast weight = Myg= WsoVoa 


where Jj. and y,, are horizontal distances of the centres of gravity of the fusegate and ballast from 
the abutment, respectively 
Downward pressure of water in bucket: When the fusegate is not spillway (1 $ H), the resultant 
of the vertical pressure acting on the inside of bucket is equal to the weight of water in the bucket, 
which varies from 0 to W, = WW, 

When overspilling happens, the waterline above the fusegate follows a downward curve in 
downstream direction. 

Resultant of downward pressure inside bucket is 17, 

Moment of downward pressure inside bucket is M,,, 


‘Tailwater back pressure 


Resultant of tailwater pressure F.y= al 








Moment of tailwater pressure - tw ig Whe (0.42) 


where JV, is the width of downstream bucket side 

From scale model tests, hd is found (o range between 1/4 and 1/5 of upstream head h, if the 
flow is not controlled by tailwater level and, therefore, the moment of backwater pressure is small 
compared with other moments, 


Uplift pressure in the chamber and under the base: Inlet well is provided to let the water enter 
the chamber at a precise headwater level. The fusegate has ample stability margin until the chamber 
fills, aler which it rotates when the design headwater level is reached. The uplift pressure in the 
chamber and below the fusegate base is the result ofthe balance between the following inflows and 
outflows: 


(a) Flow from the downstream side through the interface between the sill and fusegate 

(6) Inflow from reservoir to the chamber past the damaged upstream seal (if applicable) 

(c) Discharge through drainage holes, usually with atmospheric backpressure 

(@) Inflow through inlet well when applicable (inflow to the chamber is regarded positive and 
outflow as negative) 


A mathematical model can be developed and validated to give an accurate and detailed 
determination of uplift pressure distribution in the chamber and under the base. 
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Basic Design Criteria 
While in some cases, especially in embankment dams, the spillway costs become substantial and 
favour a narrow spillway, in other cases, it may be more advantageous to minimize the difference 
between normal and maximum water levels, thereby reducing the dam height or increasing storage 
capacity. Where the maximum inflow design discharge is less than 1000 cumec the preferred 
fusegates are overspilling labyrinth, while for discharges more than 5000 cumec, straight fusegates 
in conjunction with conventional gates may be advantageous. For projects storing most of the 
annual runoff in their reservoirs (reservoir area more than 2% of the catchment area) and not 
requiring high discharge capacity of fusegates, a narrow spillway equipped with overspilling straight 
fusegates can be provided. 
Overspilling labyrinth fusegates: The first fusegate tilts only for a flood of 100-year return 
period or more, Thus, for maximum inflow discharge Q,,, the spillway width Z and fusegate height 
Hare 

L=09 9,05 (9.43) 
S022 (9.44) 





‘The maximum water level corresponding to head /h over the fusegate crest reaches on account 
of inflow flood of 100 years or more. This head varies from 0.3 H 10 0.5 H. Table 9.2 gives the 
characteristic figures for a narrow spillway equipped with labyrinth fuscgates. 











Tables.2 
Q,,(eumec) | 50 100 | 200 500 | 1000 | 2000 | so | 10.000 
Lan) 8 2 17 a 40 39 m7 143 
Hom) 16 20 24 33 40 49 63 79 
hum) 07 08 La \4 18 22 29 36 



































In order to reduce the MWL, bottom autlets could also be provided. 


Straight fusegates together with conyentional gates: For very large spillway’ it is appropriate 
that 100-year or 500-year floods are discharged with conventional gates (with 30-50% of spillway 
length) and the additional flow through the spillway portion equipped with straight fusegates which 
are designed to overturn with low overspilling. The MWL reached remains in the range of 1 m 
above the crest of gates. 

Table 9.3 gives the characteristic dimensions of a narrow spillway equipped with straight 
fusegates in association with conventional gates. 




















Tabless 
@,ccumee) | 500 | 100 | 200 | 5000 | 10000 | 2000 
Lom) B 3% % 8 14 200 
Hm) 43 68 9.0 12 13.0 
im) Lo Lo ufo 4 15 15 
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Straight overspilling gates: With relatively larger reservoirs, a high discharge capacity of fusegates 
is not necessary, since the reservoir could accommodate a substantial quantity of flow from, say, a 
100-year flood. A narrow spillway with overspilling straight fusegates could thus be provided. 
‘Table 9.4 shows the characteristic dimensions of such fusegates. 














rable 9.4 
Qn (eumee) | 50 100 200 500 1000 2000 5000 
Lon) 46 62 9 | 13s 25 3 35 
H¢) 23 31 38 | a8 58 738 98 
Atm) 10 12 1s | 20 24 30 39 





























Flexibility in design 

For concrete dams or long or low-fill dams, a more economical design could be achieved by 
increasing the length of the spillway, thereby reducing the height of the fusegates and also the 
MWL. Such a variation enables reduction in the height of the dam or increase in storage capacity, 
if the crest of the dam is kept the same, Thus, if the length (or width) /. of spillway is increased 
by 3%, then the height /T of the fusegates or the head h over their crest is reduced by 3% as 
follows 

= 1-1 +x) (45) 





In tabular form, the values are given as in Table 9.5. 








rable 9.5 
Increase of L 10% | 20% | 50% | 100% | 150% | 200% | 300% 
Reduction in Handh | 6% 1% | 24% | 37% | 4a% | 52% | 60m 
































CONCRETE FUSE PLUGS 


Based on model tests, concrete fuse plugs are proposed as structures that can be provided on 
spillways to pass floods effectively. Concrete fuse plugs are massive, free standing concrete blocks 
placed side by side on a spillway sill. These blocks can be built in situ or may be prefabricated 

When the water level in the reservoir exceeds a specified clevation, they start tilting. The level 
required for tilting these plugs can be calculated based on the horizontal pressure exerted by the 
flow and the uplift pressure generated under it, To create uplift pressure under each block, a wide 
hollow is made in it which is open on upstream side and completely closed on the downstream side, 

Thus, unsealed supports are provided on the upstream side, while the downstream side is sealed, as 
shown in Fig. 9.26(a). The blocks can be designed to start tilling before being overtopped or after 
a significant level of overtopping. In the former case, the height of the fuse plugs is greater than 
their thickness and in the latter case their length and thickness are greater than their height. If some 
blocks placed on the same sill have the same height but different thickness, they will tilt at different 
clevations, Model tests recommend a relationship of upstream water depth with the dimensions of 
the blocks as follows 
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h=E-O04P (9.46) 
where / is the upstream water depth over the fuse plug. 
the base width of the fuse plug (measured upstream to downstream), and 
P is the height of the fuse plug, 
Downstream and plan views of the spillway as well as the clevation view of intermediate wall 
are shown below (Fig.9.26 (b). (c). (@)). 
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(6) Downstream view of the splay 
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(6) Plan view of the spitway 








(6) Intermediate wall 


Fig.9.28 Schematic sketch of spillway with fuse plugs, 


As a rough guide, the concrete fuse plugs should normally be designed to tilt at floods of 
recurrence periods of between 20 years and 100 years or more, Also, the block height should not 
exceed one-fourth of the distance between the embankment crest and the spillway’ sill during 
heightening an existing free overflow spillway. Fuse plugs have been used in many projects such as 
‘on Warragamba dam in New South Wales, auxiliary spillway have been used in Chiew Lam project, 
Thailand: while emergency fuse plug spillway have been used in the Guri project, Venezuela 
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DAM SLUICES 


Besides spillways, in most of the dams, gate-controlled sluices are also provided which can control 
the discharge of water for various requitements, such as irrigation, power generation and navigation. 
Some sluices are located at a low level, so that these can also be used for flushing the silt load. Such 
sluices are called scouring sluices 


ENERGY DISSIPATION BELOW SPILLWAYS 


The velocity of water passing through a spillway is so high that it is liable to cause erosion of the 
bed of channel immediately below the toe of the structure. This high velocity is on account of the 
difference of head between the headwater and tail water elevations. This high energy of flowing 
‘water, therefore, has to be destroyed, before the water is discharged in the tailrace, 

In almost all the methods of dissipating excess flow energy. the underlying concept is to create 
turbulence at desired locations. ‘The turbulent shear stresses generated are able to dissipate the 
energy in the low at a very rapid rate, Some of the most common methods of energy dissipation 
below spillways are: 

1. Hydraulic-jump-type stilling basin, 

2. Roller-bucket-type energy dissipator, and 

3. Ski-jump bucket energy dissipator. 


These are briefly described below 


1. Hydraulic-jump-type Stilling Basin 


Figure 9.27 shows a typical hydraulic jump type stilling basin, The water flowing down the face of 
the spillway slope approaches the horizontal apron of the basin with a super-critical small depth y, 
and high velocity V Since the tail water depth y, is in a sub-critical range, the water experiences 
a jump on the apron as shown in Fig. 9.27 and water 

suddenly enters from a lower stage y, to a higher Hysraulc jump 

stage y, accompanied by considerable eddy 











turbulence. Due to this, a major part of the initial y OS patti Ye Sate 
flow energy is dissipated. The formation of hydraulic Chute blocks lets 
jump is possible only if the flow is super-critical iva ims 
i 

before the jump (Froude number — 

Var 
> 1.0) and sub-critical after the jump (F< 1.0). 
Secondly. for the formation of the jump, the tail Fig. 9.27 Hydraulicjump. 


water depth must match the post-jump depth 
requirements as given by the equation 


2 s{yiean } (O47) 








If the tail water depth is greater than y. then the jump gets submerged and some of its energy 
is lost. On the other hand, ifthe tail water depth is less than y,, the jump gets swept some distance 
downstream. In such a case, the super-critical high-velocity flow continues that distance on the 
river bed, This causes river bed erosion, Hence, the success of the stilling basin of this type lies in 
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ensuring the formation of the hydraulic jump at different conditions and Froude number before the 
jump. Formation of the hydraulic jump is facilitated by some appurtenances (structures) on the 
stilling basin. These are: chute blocks at the toe of the spill-way, friction blocks, or bafMle piers on 
the horizontal apron and solid or notched (dentated) end-sill a the end of the apron as shown in the 
figure. Various standard designs of the stifling basins and the appurtenances are available in literature 
USBR-Iype or SAF-basin (Saint Anthony Falls) are some recognized types. The amount of energy 
dissipated in such stifling basins depends upon the Froude number of flow. For strong jumps 
(F, > 9.00) the energy dissipation efficieney is fairly high and can reach the value of as much as 
80% under certain circumstances, 


2. Roller-bucket-type Energy Dissipator 


‘This type is employed where the tail water condition is not fayourable for adopting hy draulic-jump- 
type basin, The roller bucket is a spoon-type structure at the toe of the spillway as shown in 
Fig, 9.28(a), When the high velocity sheet of water slides down the spillway, it gets arrested by the 
tail water. This results in a surface and bottom roller action and eddy turbulence, accompanied by 
the dissipation of energy. Bucket-ty pe energy dissipator has a relatively short structure as compared 
to hydraulic-jump type stilling basin, For a successful roller action, the tail water depth has to be 
slightly greater than that needed by hydraulic-jump-type basin. The main variables in the design of 
the bucket are the radius of the bucket & and the lip angle 6, The radius varies between 15 m to 25 
mand the lip angle between 20 degrees to 40 degrees, The optimum dimensions are decided after 
model studies. 








(©) Skejump bucket type 


Fig.9.28 Energy Dissipators 


Roller buckets were first used for Grand Coulee dam (USA) and haye become quite popular 
since then, In India, a number of dams have used roller buckets. Table 9.6 gives some relevant data 
for a few dams in India, 
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Table 9.6 
S.No Name of dam Discharge Radius of Lip Angle 
unit width bucket ¢ 
1 Nagarjunasagar 2 213 3 
2 Srisailam 1219 213 20° 
3 Rana Pratap Sagar 612 1676 40° 
4 Hirakud 141 1524 40° 























3. Ski-Jump Bucket Type Dissipator 


‘These are very similar to roller bucket in construction. The hydraulic action, however, is entirely 
different. The jet of water from the spillway flows over the bucket and springs up clearly in the air 
and after a trajectory, hits the river bed at some distance away from the toc of the dam, This is also 
called a trajectory or a Mip-bucket type dissipator. The invert of the ski-jamp bucket is relatively 
higher as compared to the roller bucket, so that a clear ski-jump action can take place, This type of 
spillway is suitable for situations where foundation rock is of good quality and can withstand the 
erosive action of the plunging jet. Secondly, the tail water has (o be low so that a clear ski-jump 
formation could take place. The energy dissipation in ski-jump bucket is achieved due to the 
combined action of air resistance, viscous effects and the turbulence due to impact on the river 
bed. Such a dissipator is particularly suited for arch dams 

Chastang and L’Aigle dams in France have typical ski-jump installations. In India, Ukai dam 
(300 MW) in Gujarat, Jakham dam in Rajasthan have been provided with a ski-jump type dissipator, 
Rangit-II (66 MW) in Sikkim is also proposed to have a ski-jump type dissipator, 

‘A curious feature of the ski-jump bucket is that many a time, it acts as ski-jump type bucket at 
cortain discharges and as roller bucket at lower discharges. A typical example is Rihand dam in 
India where the bucket acts as.a ski at discharges of 33 m'/s/m and above, but as a roller below this 
value. 

Experiments have demonstrated that the efficiency of a stilling basin may be increased by 
dividing it into a counter-current and a secondary stilling portion, The counter-current element 
induces a two-vortex flow system of high intensity resulting in a significant decrease of approach 
velocity into the secondary basin. This type energy dissipation is stated to be more efficient than the 
conventional hy draulic-jump-type jet diffusion or USBR type VI impact basin. 











ILLUSTRATIVE EXAMPLES. 





Example 9.1 





The crest level for Cheruthoni dam spillway (Idukki project, Kerala) has been kept at 723,70 m 
while the maximum water level in the reservoir is at 734.50 m, Calculate the maximum discharge 
through the overflow spillway, when the flow takes place through 5 vents of 12.2 m width each, 
at the crest of the spillway 
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Soluti 
Effective length of spillway crest L =3%122=61m 


‘Maximum flood lift on the crest H =73 « 4.50-723,70 





=1080m 
Assume a value of eoelfivient of discharge C as 2.3, Now, the maximum discharge 
Q=cCLH"* 
=23x61 x(108)!5 
=23*61x358 
or Q = 5020 cumes, 


(The maximum design discharge value actually adopted is 5100 cumee). 


Example 9.2 


The siphon spillway (escape) provided in the Hirakud project canal has 27 vents of size 3 m * 1 
m each, ‘The maximum reservoir level is expected to be 161.00, whereas under the design flow, the 
tail water level reaches 155,00, The crest of the siphon is at FI, 159.00, Assuming a coefficient of 
discharge as 0.62, calculate the capacity of the siphon spillway. Also calculate the head over the 
crest of an ogee spillway escape which could be alternatively provided to discharge the same 
flow over its crest of 81 m length. Take C 





Solution: 
‘Total throal area of siphon a=27%1) 
=81 sq.m 
Operating head hy =161.00-155.00=6.0m 
Cy =0.62 





= 0.62x81J2X9.81K6 





or Q = 545 cumec 
(With additional two sluices of | m * 1,6 m, the actual discharge through the siphon spillway is 
600 cumee’ 


For an ogee spillway. 


or 





543 
22x81 


(The head over the erest of siphon spillway = 161,00 — 159,00 = 2.00 m) 


Example 9.3 


In order to dissipate energy below the spillway, it is proposed to form a hydraulic jump in the 
stilling basin. Due to this, the depth of the flow changes from 1.0 m to 3.8 m, Calculate the 
discharge over the spillway, the erest length of which is 110 m. 
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Solution: 

Here, yy =10m 
8m 
10m 





From Eqn. 9.47, 


Thus, 





Now, F; 








02. J9.81X1 = 9.45 m/s 





or 

Hence, discharge over spillway, Q = 1) *», *L 
=945 «1% 110 
= 1040 ms. 


Example 9.4 
Design a fusegate system to pass a flood discharge of 700 cumec. Also suggest alternative 
designs for the fusegates. 

Solution: 

Here, = 700 cumec, which i less than 1000 cumee. ‘Therefore, an overspilling labyrinth fusezate 
will be preferable. 
From Eqn. 9.43, 





Fusegate width L=09Q!5% 
=33m 

From Eqn 9.44, 

Fusegate height 1 =050,. 
=357m 





‘The difference between FSI. and MWL. is about 40% of Hie, about 1.43 m. 





The alternative design could consider increasing the width of the spillway. Let us say L 
Vherefore, percentage increase x =(55/33-1) 
=67% 





From Eqn. 9.45, the percentage reduction in height of the fusegates, » is 
= ML +x) = 29% 
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or 1H, =(.-0.29=2.53m 
hy =(1-0.29h= 1m. 


‘This means that the dam crest could be lowered by 0.43 m, or keeping the dam crest at the same 
level, the reservoir level gets increased by 0.43 m 


Questions 





What is the function of a spillway? How many types of spillways are there and under what 
circumstances is each used? Give a neat sketch of each type of spillway 

How does a siphon spillway funetion? What are the ways in which a siphon spillway can be primed’? 
‘What are the limitations of siphon spillway’? 

What is a labyrinth weir spillway? How is this concept used in the piano key type weir? 

What are stepped spillway’s and how do they function? What types of flow regimes are possible in 
such spillways? 

What are fusegates and how do they function? 

‘What is the function of a concrete fuse plug and how does it operate? 


Penstocks and 
Accessories 





Penstocks in hydro-power projects are the pipes that supply water from the head pond or the 
forebay to the turbines, These are pressure conduits. Afler entering the intake structure, water is 
carried through the conveyance system which may be a canal, flume, tunnel, pipe, or a combination 
of these. Canals and flumes are non-pressure conduits. Thus, design principles for penstocks are 
the same as for pressure vessels and tanks. In addition, the water hammer pressures which are 
likely to develop suddenly due to governor control and turbine gate operation, have to be considered 
while designing, When the distance between the forebay and the powerhouse is short, a separate 
penstock is preferred for cach turbine, while for moderate heads and long distances, a single 
penstock is used to feed two or more turbines through a special bifurcated or tifurcated pipe. Such 
apipeis termed as manifold and is provided at the turbine end. This aspect is dealt with subsequently 


CLASSIFICATION OF PENSTOCKS 


Penstocks may be classified on the basis of: 
1, Material of fabrication 
2. Method of their support. 
3. Rigidity of connections and support 


1. Material of Fabrication 


Penstocks are fabricated from a varicty of materials depending upon the functions that they haye to 
serve. The main factors responsible for the choice of materials are: the head to which the penstock 
is subjected, topography of the terrain and the discharge to be handled. Various materials employed 
are steel, reinforced cement concrete, asbestos cement, wood staves, banded steel and cast steel. 

If the diameter of the steel penstock is of the order of 0.5 m, it is manufactured as a seamless 
pipe, rolled or drawn from mild steel of tensile strength varying from 53.95 kN/cm? to 
63.76 kN/cm? and having a thickness of 0.6 to 3 cm. Pipes of larger diameter—of the order of 2 to 
3 mare usually manufactured from plate steel. Their lengths are 4 to 8 m and they weigh up to 
tons, Pipes with diameter larger than 3 m are generally fabricated in short lengths for the case of 
transportation, A low-carbon quenched and tempered alloy plate steel called T-1 steel, with a high 
yield strength almost three times as high as that of ordinary carbon steel, was developed for Beas- 
Sutlej link project, India, Its tensile strength is 73.57 kN/cm?, Such special steels reduce erection 
time, shop work, amount of field welding and freight charges due to less weight, Ifthe diameter of 
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the steel penstock is of the order of 0.5m, it is manufactured as a seamless pipe, rolled or drawn, 
from mild steel of tensile strength varying from 5500 kg/cm? to 6500 kg/cm? and having a thickness 
of 0.6 to 3 em, Slightly larger diameter pipes. ic., ofthe order of 2 to 3 m are usually manufactured 
from plate steel, in lengths of 4 to 8 m and up to a weight of 25 tons. Still larger pipes (beyond 3 m) 
are generally fabricated in short lengths owing to the difficulty in transportation, A low-carbon 
quenched and tempered alloy plate steel called T-1 steel with a high yield strength almost three 
times as high as that of ordinary carbon steel has been developed for Beas-Sutlej Link Project, India, 
Its tensile strength is 7500 kg/em?, Such special steels save erection time, shop work, amount of 
field welding and freight charges due to less weight. 

As a matter of fact, with such special high-tensile (HT) steel, the penstock diameters have 
progressively increased; those up to 12 metres or more can be employed. 

The criterion for the permissible diameter is “HD, or a multiplication of head and diameter D, 
both in metres. 

Projects such as Chaira in Bulgaria use HT steels with HD values up to nearly 4000 m2, Here, 
the steel has a typical value of as much as 80 kgf/mm? (or 78,5 kN/cm?) known simply as HT 80. 
‘The HD criterion (the hoop stress criterion). is gradually moving upwards. and for a project in 
Japan a value of 4400 m? has been used. 

Figure 10.1 shows the penstocks of Walchensee project, Germany. 














Fig.10.1 Penstocks for Walchensee project, Bavaria, Germany 
(Photo: Edradour, Wikimedia), 


Three penstocks, each 2597 m long, at Sabarigiri hydro-electric project, Kerala, India (installed 
capacity 300 MW), carry water under a gross head of 762 m, The penstocks have been supported 
on ring girders, 

The jointing may be done by riveting or welding, the former being seldom resorted to these 
days, Welding is faster, stronger and hydraulically more efficient, The welded pipes are then subjected 
to testing by any of the following methods 

(i) Ultrasonic testing, 

(ii) Radiographic testing 

(iii) Testing by using dye-penetrants, 
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Cast stee! is normally used for special components only, such as bends, wye-pieces, expansion 
joints and flanges. Cast iron, with a limited tensile strength (up to 2.94 kN/cm?) and being brittle 
and rigid, is rarely used now-a-day's 

Since penstocks are required to withstand high pressures because of very high heads, they are 
usually fabricated as banded steel pipes. Ifplain steel pipes are used, they may have to be exceptionally 
thick to be able to withstand the high internal pressures, Too thick pipes are uneconomical as well as 
clumsy. Banded pipes are of thin wall but strengthened with the help of hoops of high-strength steel 
slipped over them. This procedure, known as banding, induces a pre-stress in the pipes by means of 
forged steel hoops, For the same operating pressure, the plate thickness of penstock with hoops, is 
very nearly half that of an ordinary penstock without hoops. Flesible hooping, which is a recent 
method, consists of winding wire rope or cable of very high tensile strength (~196.2 kN/cm?), 
2.40 3 mm in diameter around the pipe and inducing pre-stress by tensioning the wire. Yet another 
technique of producing high pressure penstocks is known as ‘multi-layer construction’ which 
involves the use of several layers of steel. each progressively wrapped and tightened around a 
cylinder by mechanical means and then welded together at the edges (see Fig. 10.2). 








Third layer 
seam Long seam 
Bands 
Penstock Second 
layer 
Vent to 
release 
pressure 
(a) Banded penstock (b) Multilayer penstock 


Fig. 10.2 Penstocks to withstand high pressure, 


If the water to be handled is free from ingredients detrimental to cement, then reinforced 
concrete pipes and asbestos cement pipes can be used for installations of relatively low heads and 
low capacity, They are usually suitable for working pressures of the order of 49 to 147 Nien 
though the pipes may be designed for still high pressures and diameters varying from 0.3 m to 3 m 

and in 3 m to 7m sections of length, An 85 m long RCC conduit of 7.01 m diameter takes off from 
the glory-hole type intake and leads to the tunnel carrying water to the underground powerhouse of 








the Idukki project, 

Wood stave pipes are fabricated for heads not exceeding 100 m and of diameters up to 
approximately 5 m, Though wood stave pipes generally haye low construction costs, less thermal 
conductivity, ease of transportation and erection, their use has become almost rare. The reasons are 
that they are prone to decay, have wood defects, offer insufficient water-tightness at joints and 
have low resistance against external buckling loads. 





2. Methods of Support 


Buried or Embedded Pipes 
‘A penstock may be either buried or embedded under the ground or exposed above the ground 
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surface and supported on piers as shown in Fig, 10.3. The buried pipes are supported on the soil in 
atrench at a depth of | m to 1.5 m and afier placement, the trench is backfilled. For buried pipes 
the general topography of the land should be gently sloping and of loose material, Various advantages 
offered by the buried pipes are 
(®) continuity of support given by the soil so that the system becomes strong structurally; 
(i) protection of the pipe against temperature fluctuations with the help of small overburden 
(Soil cover): 
(iii) conservation of natural landscape: 
(iv) protection from landslides, storms and sabotage. 
However, some drawbacks of this type of support are 
() difficulty in inspection for faults: 
(ii) possibility of sliding in steep slopes; 
(iti) difficulty in maintenance; and 
(iv) greater expenses for large diameter penstocks in rocky soil 
Exposed Pipes 
The pipes may also be constructed above the ground surface and supported by piers or saddles, 
According to the USBR definition, the non-embedded penstocks include supported penstocks 
exposed to view and penstocks encased in a protective layer of concrete in which the concrete is 
not to contribute to structural strength. The advantages offered by such a method are: 
(i) Ease in inspection for faults and maintenance, 
(i) Economy in rocky terrain and large diameters, and 
(it) Stability ensured with anchorages. 
‘The drawbacks of exposed penstock support are: 
(®) Direct exposure to weather effects, and 
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Fig. 10.3 Methods of supporting the penstock 


(ii) Development of longitudinal stresses on account of supports and anchorages, thereby 
necessitating expansion joints, 

When the situation warrants, a third method of support, intermediate between the buried and 

exposed systems, i.¢,, partly buried system, may be adopted that combines the advantages of both. 


3. Rigidity of Connections and Support 


In order to minimize the possibility of excessive longitudinal stress in the pipe, it may need certain 
flexible joints besides rigid joints. 

Flexible couplings and expansion joints facilitate the removal of adjacent pipe section and a 
speedy replacement. The main functions of an expansion joint (see Fig, 10.4) are 


Stay ring 





Pipe wall 





Pipe wall Packing 


Fig. 10.4 Atypical expansion joint 


(i) To reduce the temperature stresses in the pipe or eliminate them except for small forces 
due to friction at the gland and water pressure on the end of the pipe shell 
(if) To act as a make-up joint, because it is easily collapsible and is the last section to be 
placed between anchors, 
(i) To permit construction from a number of locations at the same time rather than from 
only one location, 
The three possible methods of support are: 
(i) Rigid pipes wherein every support also acts as an anchorage, so that any movement of 
the pipeline is completely checked. This method is suitable for moderately varying 
temperatures (such as in buried pipes). 
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(ii) Semi-rigid pipes wherein each member of the pipeline is fixed at one point leaving the 
possibility of movement over the other supports. Semi-rigid pipelines with expansion 
joints can also be substituted for pipelines supported by anchorages without expansion 
joints 

(it) Flexible or loosely-coupled pipes, wherein expansion joints are introduced between each 
adjacent section, either continuously supported or fixed at a single point. No axial force 
develops in such a case, Sleeve type couplings make a loose or flexible pipe support, 
Usually small diameter pipes are of loose-coupled type 


DESIGN CRITERIA FOR PENSTOCKS 
Non-embedded Penstocks 


According to the ASME (American Society of Mechanical Engineers) Code, a penstock may be 
designed under the following conditions 

() Normal condition 

‘This includes the maximum static head plus pressure rise due to normal operation. ‘The recommended 
factor of safety (FS) is 3.0 based on specified minimum ultimate tensile strength, but in no case 
shall the allowable stress exceed two-thirds of the specified minimum yield point 

(i) Intermittent condition 

This includes conditions during filling and draining the penstock and earthquake under normal 
operation. The recommended FS is 2.25 based on specified minimum ultimate tensile strength, but 
in no case shall the allowable stress exceed 0.8 of the specified minimum yield point, 

(ii) Emergency condition 

This condition includes the governor cushioning stroke to be inoperative and part gate closure in 
2a seconds at the maximum rate, where L. is the conduit length in m, and a is pressure wave 
velocity in m/s, The recommended FS is 1.5 based on specified minimum ultimate tensile strength, 
but in no case shall the allowable stress exceed the specified minimum yield point. 

(iv) Exceptional condition 

‘This condition includes malfunctioning of control equipment in the most adverse manner and shall 
not be used as the basis of design. If the maximum stress does not exceed the specified minimum 
ultimate tensile strength, the structural integrity of the penstock is reasonably assured. Precautions 
must be taken to minimize the probability of occurrence and effects of the exceptional condition. 


Embedded Penstocks 


(i) For internal pressure, the minimum plate thickness is computed using design head for 
normal conditions and is based on the hoop stress (prit) for a free (non-embedded) shell 
equal to the specified minimum yield point or to 2/3 of the minimum specified tensile 
strength, whichever is smaller, where p is the design pressure under normal condition in 
kg/cm? (or KN/m?) and ¢ is shell thickness in cm 

(if) ‘The maximum differential temperature existing between the stec! liner and the embedding 
concrete is estimated along with an equivalent radial gap. 

(iii) The steel liner is designed to resist a minimum external pressure of 5.25 kg/cm? 
[3.5 kg/m? with a load factor of 1.5] with a radial gap as specified by (ii) above. 
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(@) USBR formula 
V = 0.1252gH 


where Vis the optimum velocity in m/s, 
and = His the maximum working head in m. 


(10.2) 


‘The formula generally applies up to the middle range of heads 


(6) Sarkaria formula 


O35 
p= 0024 





ps 


where Dis the penstock diameter in m, 
P is the power transmitted by the pipe (in hp) 


(10.3) 


His the max. net head at the end of the penstock in m. 


Many more formulae exist, 


Graphical Solutions 


A plot of the annual costs of penstocks against their 
corresponding diameters results in a curve A as shown in 
Fig, 10.5. On the other hand, if the cost of energy 
(aleulated as horse power) lostin friction is also included, 
the curve B would result, The total cost would be the sum 
of the ordinates A and B corresponding to any diameter. 
The total cost curve given by C is also plotted in the same 
figure. Obviously, the least cost comesponds to the point 
D of the curve C. 

The graphical method consists in choosing five or six 
values of diameters and plotting the corresponding curves, 
to determine the position of point D. 


Parallel Tangent Method 


Cost —~ 





Fig.10.5 Graphical method for optimum 
diameter ofa pensiock 


D1H Barr, author of famous books on tables for calculation of intemal flow friction and design of 
pipes, presented this method which, like the minimum annual cost method, gives a design point to 
represent the minimum annual cost for total head loss graphically, The method is applicable for 
penstocks having more than one element and is essentially similar in principle to the graphical 
method given above. The procedure is indicated in Fig, 10.6(a) 

Other methods and formulae have also been suggested by Sungur, Therianos and Franke, 
\hich all aim at finding the economical diameter for a ponstock/tunnel 
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Head loss/cost curves 
for elements of conduit 
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Fig. 106 


Analytical Approach 
‘The problem of economic diameter can be worked upon and a solution found if some simplifying 
assumptions are made, so as to give an expression of total annual cost, which is mathematically 
tractable and which on differentiating and equating to zero, yields a condition corresponding (o the 
optimum diameter. The procedure is as follows: 

Let C, be the annual cost of the energy lost in friction, 
and C, be the annual costs corresponding to any given diameter D 

The optimality condition then is 








d(C, +, 
les 10.4) 
dD 6 z 
IFC, = Kp" and C, = K, pb" 
(where K, and K, are constants) 
then = (KD + KD") =0 
or Kymp""! + Kyp"! =0 
or 
or (10.5) 





Here, since the sign of m is always negative, the expression for D as given by Eqn. 10.5 will be 


positive value. 

The values of K,, Km and n can be determined easily for any project as indicated below. thus 
Yielding the desired value of the diameter D, Since the penstock length is a common factor, we 
consider only a unit length for the calculation given below. 
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Thus, we wee tonnes (0.13) 


2s 
where w, is the unit weight of steel in tonnes/m* = 7.85 tonnes/m* (or kN/m*) 
pis maximum working pressure in pipe in kefim? (or KN/m?) 
sis safe allowable stress in kgf/m? (or KN/m?) 
1 is the efficiency of weld-joints ~ 0.85 
Substituting the above. we get 
785x314 
2x085 





=14s2p? 
5 


‘The capital cost @ % Rytonne of penstock would be 








=e s2, A (10.16) 
(40.17) 
From this, (10.18) 
and 
Thus, it will be seen that the most economic diameter D, on substituting the values of m and 1 
works out to: 
sx 
p=(5" (10.19) 
2K 


An example to illustrate the use of this equation is given at the end of this chapter. 

Temay, however, be noted that the foregoing analy sis is quite simplified and should not be used 
in a routine manner. The size of the penstock affects many other aspects of design which have not 
been considered in the analysis here, Penstocks form only a sub-system in the total system of the 
project; optimization of a sub-system, without considering the system as a whole, may not yield 
correct results in all cases, Secondly, the value of m and n would depend upon the formula used. 
For instance, if instead of Darcy formula, we use Manning formula, 





(10.20) 





the result will be quite different. 

Besides the above, there may be other constraints, which are overlooked in the above analysis 
The pipe thickness may be govemed not from the hoop stress consideration but from handling 
stress consideration. The velocity of flow would have to be non-silting and non-erosive, usually in 
the range of 2 m/s to a maximum of 10 m/s and the solution may have to be within this constraint, 


ANCHOR BLOCKS 


Anchor blocks are massive concrete blocks encasing the penstock pipe at some intervals in order 
to anchor down the pipe to the ground securely, Such blocks are necessary at all horizontal and 
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vertical bends of the pipes. Besides the bends, anchor blocks are customarily provided on straight 
reaches, at intervals of 150 m or so. These blocks help in preventing displacement of the penstocks 
due to steady or transient forces, including expansion or contraction forces and water hammer 
pressures. They provide the necessary reaction to the dynamic forces at the bends. Thus, they 
provide the necessary degree of stability to the pipe assembly by transmitting the penstock loads to 
the ground, The massiveness of such blocks makes them considerably costly and particularly in 
case of long penstocks where a number of such bends are needed, the (otal cost can form a 
substantial portion of the total penstock budget 























Penstock 
N, 
\ 
\ 
‘Anchor block Anchor block % 
@ © 


Fig.10.7 Anchor blocks, 


Anchor blocks may encase the pipe completely (Fig, 10.7(a)) or partially up to the middle of it 
(Fig, 10.7 (b)). Both methods are in vogue. However, complete coverage is functionally better as it 
increases the keying length as well as provides additional resistance against sliding, Foundation of 
the anchor block is provided on a serrated rock or soil surface to ensure proper key with the 
foundation, Many a time, anchor rods are grouted down into the sub-soil from the base to provide 
additional factor of safety 


Methods of Design 


Anchor blocks can be designed in two ways: 
(i) French method 
In the French method, the pipe between the anchors is treated as a structural member and the 
anchor blocks are treated as the fixed-end abutments, The stress analysis on the anchors is carried 
‘out by considering the anchors and the pipe as a single structural system 
(ii) Swiss method 
In this method, the penstock pipe is not treated as a structural member transmitting loads with the 
beam or arch action, All the loads on the anchor are only those directly coming on the anchor. 
Both the methods have advantages and disadvantages of their own. In the French method, 
since the pipe is to be a rigid structural member, it cannot haye flexible or expansion joints. The 
design of the pipe thickness has to be done corresponding to the arch or beam action which it is 
supposed to have, It also needs careful construction programme, progressing in a single direction, 
On the other hand, it is claimed that this method economizes considerably on the anchor block 
costs 
The Swiss method, more popular and used in most of the countries, allows flexibility in 
construction. Provision of expansion joints virtually eliminates temperature stresses as well as 
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allows work to be started at many points along the length. It, however, requires slightly bigger 
concrete block, thus, involving greater costs, It can also allow use of flexible joints which are 
becoming more popular now. We shall discuss below the design of anchor blocks based on the 
Swiss method, 


Stability Conditions 


In the Swiss method, the basic stability conditions of an anchor block are the same as in case of 
gravity dams, These are as below 

(®) There must not be any sliding at any section in the anchor block. 

(1) There must not be any overturning or rotation of the anchor block. 

(iii) There must not be any tension in any part of the concrete of the block. 

(iv) There must not be any crushing or failure due t0 compression in the block or at the 

foundation. 

All the forces on the anchor block can be resolved into horizontal and vertical components 
giving sum total forces in horizontal and vertical directions acting at the point of intersection of the 
central line of the pipe upstream and downstream of the anchor block. These forces, denoted ZH 
and EV, respectively, can be termed as active forces. Let the weight of the anchor itself be WV, and 
the weight of water and pipe supported by the anchor be MY, ,,, Fig. 10.8). Then the condition for 
sliding stability is. 

TH SWOV+W,+W,,) (10.21) 
where {1 is the coefficient of friction for which an average value of 0.5 can be presumed. 

‘The overtuming criterion is automatically fulfilled if the third criterion of ‘no tension’ at the 
base is fulfilled. For this, the net resultant of -2V~W,,+W,,,,.) and SH must lie within the middle 
third of the base, 





pw 


Ww 








Fig.10.8 Vertical and horizontal forces on anchor block, 


For ‘no crushing’ criterion, the maximum compressive stress at any horizontal section must be 
within safe limits, Particularly for the foundation, the load transmitted to the foundation must be 
‘within the safe limit of the foundation material 


Conditions of Design Stability 
‘The different conditions under which the stability of the anchor block is checked are as follows: 
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(i) Pipe flowing at design discharge — expanding condition (temperature rise) 
(1/) Pipe flowing at design discharge — contracting condition (temperature fall) 
(iti) Pipe flowing — transient loads such as due to water hammer of earthquake eficets 
(iv) Pipe empty — both for expanding and contracting conditions 
Ithas to be borne in mind that the anchor blocks for convex bends, concave bends, horizontal 
bends as well as blocks on straight reaches will all have different dimensions due to different 
‘magnitudes of the resultant force, and hence need separate analy is 


Forces on Anchor Block 


‘The different forces which have to be taken into account in the calculation of EV and EH are given 
below, All these forces are assumed to act along the axis of the pipeline. When there is a bend, the 
upstream axis line denotes the direction of forces transmitted from upstream end of the anchor and 
the downstream axis line denotes the direction of forces transmitted from downstream side of the 
anchor, 

Forces directed towards the anchor are taken as +ve, and forces away from the anchor taken 
as ~ve. 

‘The main forces are as follows (Fig. 10.9): 
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Fig.10.9 Main forces on the anchor block. 


() Component of the dead weight of the pipe length between upstream and downstream 
expansion joints. If Z,, and Z.,are the lengths from the centre of anchor to upstream and 
downstream expansion joints respectively, and W,, and 1, are the corresponding dead 
weights, then +1V, sin B, ~ Wsin B, are the forces transmitted to the anchor along the 
axis line. There is no change of sign for contracting or expanding conditions, 

(ii) If the total weight of the length 1. and £. including water is (MW, ,), and W,,, 0p 
respectively where I, and W,,are the weights of water in these stretches, then the 
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friction over supports corresponds to +1, ,.), 60S B, and +1(F,, _,.),, 008 B, (pipe 
expanding condition), where / is the coefficient of friction of the pipe on the piers. 
Negative signs may be used for the contracting condition. 

(iit) Friction of the expansion joint on upstream and downstream sides of the anchor given as 
+C,,F and +C, F is determined experimentally. where, C, and C.,are the upstream and 
downstream circumferences of the pipe at the expansion joint above and below the 
anchor respectively, and /is the friction in the expansion joint per linear metre. As usual, 
nogative signs are to be used for the contracting condition 

(iv) The force on the exposed end of the expansion joint upstream or downstream of the 
anchor is +4, p or +4,,p, where A, and A, are respectively the areas of exposed end of 
the pipe at the expansion joint, upstream and downstream of the anchor, and p is the 
pressure at any point 

() Momentum force of the flowing water due to the bend in the pipe is pOv, or POV, 
where v, or v, is the mean velocity of water upstream and downstream of anchor, and 
Qs the discharge flowing in the penstock. 

(vi) The hydrostatic force of the anchor is given by pAj, or pA,y. where A,, and Aj, are the 
inside arcas of the pipes at upstream and downstream sides, respectively, and p is the 
pressure at the point. 

‘Thus, the stability of the anchor block isascertained 
under various conditions as enumerated. The worst 
combination of forces that may be anticipated is adopted 
for analysis, The forces transmitted from the upstream 
end of the anchor, (Zp,), and the forces transmitted 
from the downstream end of the anchor (2p,). are 
accordingly represented along the axis of the penstock 
by a force parallelogram as shown in Fig, 10.10. 

The resultant force P, obtained from this 
parallelogram of forces is then resolved into horizontal 
and vertical components called ZH and ZV which have 
been used earlier in Eqn. 10.21 for checking the stability Fig. 10.10 Parallelogram of lores. 








CONDUIT VALVES 


Valves may be necessary in pressure conduits to: (#) regulate the flow, (i/) completely stop the flow, 
or (iif) affect energy dissipation under special circumstances. They may be placed at an intermediate 
position in the pipe or at the end of it. The former are called in-line valves and the latter, terminal 
valves, In hydro-electric projects, the valves would be used in the penstock and in scouring sluices 
‘Those in the penstock are seldom of regulating type: they usually operate either fully closed or fully 
open, Those in the scouring sluices are of regulating type, where they can also operate under 
partially open condition. The main inlet valves, normally of spherical type, are provided before the 
water enters the spiral casing of the turbine. 
In the penstocks, there are two places where the valves can be placed: 
(i) Atthe beginning of a long penstock, starting at the end of a pressure tunnel or afer the 
surge shaft, This type of valve is known as penstock valve. 
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(i) At the end of a penstock just before the penstock joins the scroll casing of the turbine 
‘This valve is known as turbine valve. 

The intake gate, which controls the flow into the conveyance system, is a sliding type of leat 
gate, Details of it are not discussed here, The penstock valve is useful if the penstock needs quick 
dewatering. The turbine valve is required if the scroll casing needs dewatering. While the intake gate 
is a must, the penstock valves and the turbine valves may or may not be provided, 

Ifthe conveyance system is shor, then the intake gate itself serves the purpose of the penstock 
valve, which can be skipped altogether. In such a case, the wicket gates of the turbine themselves 
act in lieu of the turbine valve, The disadvantage here is that there is substantial leakage past the 
wicket gates which may mean considerable loss of power. On the other hand, since the turbine 
valve costs at least 15% (usually even higher) of the cost of the turbine, not using a turbine valve 
‘would mean corresponding economy. We find both instances where turbine valves have been used, 
as also where they have been omitted. For instance, turbine valves have been used in projects like 
Trangslet, Sweden, (141.8 m head, 140,000 hp), Outardes-4, Canada (120.4 m head, 216,000 hp), 
while they have been omitted in Outardes 3 (Canada), Portage Mountain (Canada), Churchill falls 
(Canada), Bratsk (Russia), Stalong (Sweden). The decision basically depends upon the overall 
economics 

For heads greater than 200 metres, the turbine valve, almost invariably, has to be used in view 
of the greater amount of leakage past the wicket gates. A cylinder gate is also considered as another 
alternative to a separate turbine valve. The cylinder gate is a cylindrical sleeve, which slides just on 
the outside of stay vane ring and completely blocks the entrance to the turbine. Unlike the turbine 
valve, cylinder gate is a part of the turbine, although its function is much the same as that of a 
turbine valve. At Outardes-3 project in Canada, turbines provided with cylindrical gates have been 
used in place of separate turbine valves. The turbine valves are absolutely necessary if common 
penstock feeds more than one turbine. 


Types of Valves 


‘Various type of valves used in hydro-electric installations can be best summarized by a tree form as 
follows: 
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The penstock valves, which are of open-shut type, therefore, use one of gate, butterfly or 
rolary valves 
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Fig.10.11 Various types of gates. 

Gate Valves or Gates 
In some countries, distinction is made between gates and valves and hence instead of referring 
these as gate valves, these are referred to only as gates. A gate may be defined as a closure device 
in which a leaf or the closure member is moved across the Muid way from an external position, to 
contfol the flow of water 

On the other hand, valve is a closure device, in which the closure member remains fixed axially 
with respect to the fluid way and is either rotated or moved longitudinally to control the flow of water, 

Gates can be bonneted and unbonnetted slide, ring follower, roller mounted, jet-flow, wedge or 
radial with top seal, Figure 10.11 shows schematic sketches of all these types. Figure 10.12 shows 
wedge type gate which consists of a gate leaf supported by a wedge-shaped structural member, 
‘The main problem with these valves is of sediment deposition and cavitation in the valve recess 
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When they are open. The ring-follower gate valve is an improvement in this respect. (as shown in 
Fig, 10.12), Just below the gate leaf it has a ring with the same diameter as that of the conduit, 
‘When the gate is closed, the ring is received in a chamber just below. When the gate is opened, the 
gate leaf slides in the chamber just above and the ring comes exactly in the position of the recess 
and allows the flow to pass through it. The gate valves are usually operated with an oil pressure 
mechanism or through an electric circuit 
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Fig.10.12 Wedge-ype gale valve, 


As the conduit size increases, the gate valve becomes unwieldy in size and is usually less 
preferred to the butterfly and rotary valves. 
Butterfly Valves 
Butterfly valve (Fig. 10.13) consists of a circular lenticular plate which can rotate about a central axis 
perpendicular to the pipe axis, When open, it aligns itselfin the direction of the flow. When closed, it 
blocks the flow passage, For very large conduits, virtually only butterfly valves are suitable 
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Fig.10.13. Buttorlly valve, 
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These valves, like the butterfly valve, also operate under balanced load condition and need a 
bypass line. Their sturdiness enables them to be used for high heads. At heads of about 250 m and 
above, rotary valves are used almost exclusively, Figure 10.15 shows a sketch of a rotary or 
spherical or plug valve. Figure 10,16(a) shows spherical valves of 2 m diameter designed for 
nominal pressure of PN 40 and flow of 14 cumec for Pallivasal project (37.5 MW) in Kerala, India 
and Fig, 10.16(b) shows spherical valves being installed on penstocks. 
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Fig.10.16 Spherical valves (Courtesy: Vortex Hydra Sr, Italy) 


There are some more variations in valve design but the difference is only minor from the types 
described above. When a spherical disc that has hole or port through the middle is used in the valve 
to regulate flow, it is called a ball valve. Elliott Automation (England) have developed an automatic 
control valve in the diameter range of 5 cm to 185 cm that has a fishtail shaped disc in place of a flat 





Fig.10.17 Spherical valve of Tehn project: (Courtesy: THDG India Ltd) 


